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FOREWORD 


THE PLAN to publish a memorial to Irving Langmuir, including all of the 
scientific output of his brilliant career in research, was announced to me by 
Captain I. R. Maxwell, managing director of Pergamon Press, late in 1958. 
My associates and I were asked to aid the venture by providing editorial advice 
and counsel, by enlisting the cooperation of scientific friends and acquaintan- 
ces, and by assisting in the collection and identification of material. Our enthu- 
siasm for the project and our willingness to cooperate sprang from two impor- 
tant considerations. 

First, Langmuir’s career provides an outstanding example of how free, 
but discriminating, inquiry in pure science may yield not only vital new know- 
ledge and understanding of nature, but also a great bounty of practical use- 
fulness for society. Secondly, Langmuir’s associates hold him not only in great 
respect, but in very great affection as well. Hence the preparation of these 
volumes has been more than a service; it has been a labor of love. 

The original plan was to publish Langmuir’s works in three or four volumes, 
but for very good reasons, which developed during the course of the project, 
the series has grown to twelve volumes. The quantity of Langmuir’s published 
scientific work proved to be far greater than we had estimated, and some 
previously unpublished wartime research and reports on meteorological studies 
were of such importance that their inclusion in the volumes was mandatory. 
Moreover, some exceptionally interesting philosophical papers and publications 
served to round out the literary portrait of Langmuir as a man and as a scientist. 

My associate editors, Sir Eric Rideal and Professor P. W. Bridgman, have con- 
tributed generously from their great wealth of knowledge and their intimate 
acquaintance with Dr. Langmuir. It is a pleasant duty to acknowledge that the 
many members of the Honorary Editorial Advisory Board have participated 
in this venture with enthusiasm, and that their editorial contributions to the 
separate volumes have added tremendously to the appraisal and interpreta- 
tion of Langmuir’s collected works. I particularly want to acknowledge with 
gratitude the valuable work of Professor Harold E. Way of Union College 
who, in the capacity of Executive Editor, has carried the major task of assuring 
that our responsibilities and commitments were fulfilled. 

I first met Irving Langmuir in the General Electric Research Laboratory 
when I joined the research staff in 1930, but our first meeting might equally 
well have taken place on a ski hill in the Adirondacks, at Lake George where 
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he liked to spend the summer, or on a climb on Mt. Marcy, for he had a prevail- 
ing love of the out-of-doors. Whether in the Laboratory or in the mountains, 
an intense curiosity about natural phenomena constantly pervaded his thoughts. 
In fact, I have never met anyone else who was so well coupled to nature. 

I am sure that, like all observant people, Langmuir perceived the beauty 
of nature as portrayed by the qualities of form, color, mass, movement, and 
perspective. In addition, however, Langmuir was delighted and entranced 
even more by the challenge to understand the working of nature as portrayed 
in the phenomena of everyday life — clouds, ripples on water, bubbles in ice, 
the temperature fluctuations of air and of water, the plastic quality of snow, 
the flight of a deer fly, and the thousands of “simple” phenomena which nearly 
everyone takes for granted. These manifestations of nature held endless fas- 
cination for Langmuir, and he constantly challenged himself to explain basic 
phenomena in terms of known laws of science. Of course, the same curiosity 
characterized his work in the Laboratory, and hence, provided the unifying 
motivation for his career, whether at “work” or at “play”. 

Langmuir’s scientific work is so completely and perceptively described 
and appraised in the separate volumes of this work that only a few general 
comments and observations are appropriate, or indeed possible, at this point. 

One striking feature of his research method was its instrumental simplicity. 
Although his career extended into the glamour age of science, characterized 
by large, impressive, and expensive machinery such as the cyclotron, the 
synchrotron, and particle and radiation diffraction equipment, his own ex- 
periments were almost invariably simple and uncluttered. He seemed posi- 
tively attracted to simple experimental techniques, in refreshing contrast to 
what sometimes appears to be a fashionable reliance on impressive and expen- 
sive complexity of research equipment. His work with heat transfer in gases, 
and later with electron emission phenomena from metals, employed laboratory 
glassware of stark simplicity. His studies of surface films, especially films 
on water, employed beautifully simple experimental equipment. The Labor- 
atory work on aerosols and smokes, and later on the nucleation of supercooled 
clouds, was all carried on with apparatus that could be assembled from the 
equipment of a typical home. His classical experiments on the “‘speed of deer 
fly” came about as close as possible to the string, wax, and paperclip approach 
to science; yet they sufficed to establish the essential facts sought by the inves- 
tigation. Probably few scientists, before or since Langmuir, have gained 
so much important new knowledge of nature with such simple research equip- 
ment. 

Similarly, Langmuir preferred to work with a few collaborators, rather 
than a large group or team of researchers, for this favoured a close contact 
with the work on a participating basis. His ability to apply mathematical anal- 
ysis to physical problems was of a high order, and he divided his time about 
equally between experimental work and theoretical work. The combination 
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of outstanding experimental and analytical ability which he possessed occurs 
but rarely ina single individual; most scientists have somewhat greater interests, 
aptitudes, and hence accomplishment in one area or the other. 

Langmuir almost invariably worked on an intense basis and was generally 
completely preoccupied with his current problems. His concentration was 
exceptional, and he might pass you in the hall without seeing you. If you 
reminded him of it, he would smile and acknowledge that he was highly excited 
about some experiments that were in progress, or about some calculation 
that was presenting some puzzling aspects. 

We spend a good deal of time and thought nowadays on the question of 
motivation for scientists, seeking to understand the source and character 
of their drive. In Langmuir’s case, one needs to inquire no further than his 
curiosity. This pronounced trait provided an intense internal source of moti- 
vation, which constantly drove him to inquire and probe and test hypotheses 
until a pattern of understanding was developed. When he was on the trali 
of an exciting mystery, which was usually the case, his intense concentration 
was remarkable to behold. 

Langmuir’s career contributes much to our understanding of creative 
output in research. For example, on the perennial question of creativity and 
age, it has been held by some that the bulk of human creative work is accom- 
plished in early adult life, say in the age bracket between 25 and 35 years. It is 
probable that some purely statistical information might support this view. 
However, I would disagree strongly with the corollary conclusion that creative 
ability is characteristic of this age bracket. In the Laboratory, it is not unusual 
for creative young workers to acquire a greater span of research guidance, 
counselling, and even management responsibility as their career matures, and 
hence their creative contribution will, to a corresponding degree, appear 
in the work of others. I believe that in such cases scientists are generally not 
less, but more creative with advancing age, frequently up to and even through 
retirement. It is clear that purely statistical information would not readily 
reveal this fact. 

It is interesting to examine Langmuir’s career as an example of a scientist 
who remained in active research up to and through retirement, to see what 
role age played in his output. In Volume 12 we have depicted Langmuir’s 
achievements as a function of his age, using his scientific publications as evi- 
dence of his gross scientific output, and his principal accomplishments as evi- 
dence of his creative output. The resultant charts show remarkably constant 
productivity throughout his scientific career, and even through retirement. 
Throughout this period Langmuir published an average of five to six scientific 
papers per year. His principal accomplishments, both scientific and practical, 
took place almost uniformly over the period of his researches. Certainly no 
“creative age” can be identified in his career. The example of Langmuir’s 
scientific history does not prove the general thesis, but from the observation 
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of many research careers, I am persuaded that human creativity in science 
is not a significant function of age. 

Creative output, however, is a function of many other factors that comprise 
the research environment. One important factor is the changing field of re- 
search. Some of the most creative scientists in the history of the General Electric 
Research Laboratory have worked intensively in one field for a period of some 
years, and have then changed quite abruptly to a new field as a source of fresh 
stimulation and new challenge. It is evident that in a period of 5 years, or so, 
one can bring a fresh point of view to a new field, make a major contribution 
and perhaps exhaust one’s ideas on the subject. At that point of fruition, there 
is a great temptation to sit back and bask in a reputation for eminence which 
has been established in a specialized field of science. The more courageous 
scientist, however, will be challenged, or will, like Langmuir, challenge himself 
to enter a new field. This requires courage, because in the new field he will 
be a neophyte but, at the same time, a scientific entrepreneur with a reputation 
at risk, and this risk may not pay off. 

Langmuir’s career exemplifies the courageous entrepreneur in science. 
It would be difficult to find a common demoninator, except curiosity, in many 
of the fields of science in which he made basic contributions. He never hesi- 
tated to attack new fields, such as protein monolayers, the generation of smoke, 
or meteorology, which were completely new and, hence, challenging territory 
to him. In each of these diverse fields, and in a great many others, he has made 
major basic contributions. 

Some discussion of the very important applied aspects of Langmuir’s scien- 
tific work is appropriate. It is a fact that, although his prevailing motivation 
in research was curiosity about all natural phenomena, he was always perceptive 
of the practical usefulness of research results, and he himself suggested pos- 
sible practical applications of many of the new phenomena which he discovered. 
He was generally able to communicate his enthusiasm to applied scientists 
and engineers interested in the proposed application and to give them guidance 
in its exploration. 


It is interesting to speculate on the way that Langmuir’s career might 
have developed had he chosen an academic, rather than an industrial environ- 
ment for his work in science. My personal belief is that his research would, 
in any environment, have resulted in a high order of scientific accomplishment. 
Although he evidenced little interest in teaching, he was in fact an outstanding 
teacher, and in a university he would have exerted a great influence on students 
who might have been fortunate enough to be in contact with him. But I doubt 
if an academic career for Langmuir would have, or could have, developed 
the great bounty of useful results for society which did come from his exposure 
to a creative industrial scientific environment. The human and economic 
impact of gas-filled lamps, high-vacuum electron tubes, atomic-hydrogen 
welding, space charge emission phenomena, techniques and discoveries in 
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surface chemistry, thyratron arcs (with A. W. Hull), and cloud seeding tech- 
niques has been very great indeed, and in most of these developments the 
influence of his research environment has been unmistakable. 

Wherever Langmuir worked, or might have worked, the world is vastly 
better because of him, and both his former associates and colleagues, and the 
public at large, bear a tremendous debt of gratitude for his genius in science 
and for his perception of human need. 


June 15, 1960 
C. Guy Suits 
Vice-President and Director of Research 
General Electric Company 
Schenectady, New York 
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PREFACE TO VOLUME 7 


Tue preceding volume dealt with atomic and molecular structure, mostly in 
the field of chemistry. Here, Langmuir applies his great breadth of experience 
to the field of biology and one could say that the papers in this volume are 
essentially devoted to the application of surface chemistry to biological problems. 
In his early work on tungsten, he became interested in single layers of atoms 
and molecules. Nearly twenty years later, the late 1930’s, he energetically 
applied this knowledge to the study of protein films. Although most of these 
papers were written in collaboration with one of his co-workers, one can see 
the guiding hand of Langmuir in the contents. At the same time that he was 
studying protein monolayers, he was also working on the study of monomo- 
lecular films in other areas. Although only those papers dealing with biological 
phenomena were included in this volume, another complete volume (Volume 9) 
also deals with monomolecular films. 

Dr. Harry Sobotka, director of the Chemistry Department at Mount Sinai 
Hospital, New York, a former co-worker of Langmuir and a leading authority 
on protein structures, was invited to write the contributed article for this 
volume. 

Harotp E. Way 
Executive Editor 
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INTRODUCTION TO VOLUME 7 
A CONTRIBUTION IN MEMORIAM 


BY Dr. Harry SOBOTKA 


THE SIXTEEN papers in this volume deal with molecular films in biology. They 
illustrate Langmuir’s approach to problems which agitate the biochemists’ 
and the organic chemists’ mind. But the cross-section which they open to the 
readers mind does not at all exhaust Langmuir’s ideas and concepts in the 
field. Langmuir! says in his Pilgrim Trust Lecture: 

“I do not feel that my knowledge of biology is sufficient to contribute 
directly in studies of this kind. It would seem, however, that... (the 
method described)... should be a valuable research tool for the biologist.” 

In the following papers an evaluation of the impact of Langmuir’s contri- 
butions in surface chemistry upon the advances of biology during the last 
decades will be attempted. Much of this work is based on methods, developed 
in a more general context in experiments, which are described and discussed 
in the papers collected in Part 2 of Volume 9. 

Langmuir’s influence on the progress of surface chemistry, its various 
branches and adjacent fields, might appear to be less concrete and tangible 
than that of scientists who hold an academic chair and who create a school 
in their chosen field. By inclination and also by a continuous process of auto- 
catalysis they become identified with their specialty, with certain conceptual 
and experimental methods of approach, and eventually with some hypotheses 
and theories. In the course of the years unanswered questions accumulate which 
are farmed out to doctors and assistants; the solution of these problems adds 
to the professor’s opus. 

Not so in the case of Langmuir. Because of his enormous versatility and of 
the independence which he had earned from a generous employer for discoveries, 
that were technically as fertile as they were fundamentally important, his 
scientific production could range over a wide territory as witnessed by the 
contents of the present edition of this collected works. Science flourishes most 
if it may be pursued by scientists of every latitude between the poles of specia- 
lization and of universality. 

Versatility, as opposed to specialization is not per se a virtue. In an epoch 
of prodigal publication of research results true productivity may be expressed 
as the quotient of observations explained and problems solved over new 
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observations unexplained and new problems posed. In Langmuir one finds 
versatility combined with productivity and justified by it. In a period like the 
present which may well be said to equal the 17th century in regard to its wealth 
on novel scientific observations and concepts, Langmuir was on the side of the 
answerers. On a thorough mathematical basis, he supplied explanations for 
phenomena which he had himself observed, or which had been demonstrated 
to him in fields peripheral to his own work. In some cases the material of 
such demonstrations may not :have stood the test of time or may still be 
sub judice. But even in these cases the thoughts, invested and expressed 
by Langmuir, are of permanent interest. It may well be said of him ‘‘fe séme 
a tout vent.” 

Langmuir’s wealth of ideas stimulated progress in every scientific field 
where they could be applied. Placed on the boundary between fundamental 
research and its technical applications, he was conditioned to recognize unexpec- 
ted connections between phenomena observed and unsolved problems. Unham- 
pered by limitations of tradition, administration and personality, he attracted 
representatives of other disciplines and fertlized their thinking far beyond 
the handful of reports which appeared under his own name. 

The papers and lectures, collected in this volume, were published or delivered 
during the few years between 1936 and 1940. During his work on tungsten 
filaments as high temperatures about 1917, he had developed general concepts 
about monomolecular films and had given thought to molecular dissemmetry. 
It was twenty years later when he concentrated on the application of these 
ideas to problems in organic and biological chemistry. Others, many of them 
prominent scientists, have devoted decades to the study of monomolecular 
layers and have contributed no mean share to our knowledge and concepts, 
to the classification of surface films and to their mathematical treatment. 
Langmuir, during his almost meteoric appearance in the field of organic mono- 
layers, created a whole body of novel techniques and enunciated ideas which 
had been foreshadowed to some extent by himself and by others, but which 
he now spelled out with courage and originality. 

The classical concepts of surface chemistry originated with Young and thus 
antedate the concrete formulation of the Atomic Theory. The classical theory of 
surface chemistry as a branch of thermodynamics explained the observed facts 
as if one dealt with a continuum and it ignored the atomic structure of matter. 
About the turn of the 19th century one began to recognize that the forces of 
adhesion and cohesion were forms of electrostatic energy; they fall off with 
the second or higher powers of the distance and are thus only effective over 
a range roughly commensurable with atomic radii. I think it was Langmuir’s 
occupation with tungsten filaments at high temperatures and in high vacuum 
and the recognition of the unique character of the first layer of molecules, 
adsorbed on such filaments, which led to the maturation of his principle of 
“independent surface action”. 


Google 


Introduction to Volume 7 xix 


Atoms had hithero been treated as a convenient operational concept. Now 
they gradually gained the status of physical reality. Matter was no more a 
continuum or aggregate of spherical molecules. The formulas of Couper and 
of Kekulé were used as a topological model to explain chemical reactions. 
Even the extension of these formulas to the third dimension-in the theories 
of Van’t Hoff and LeBel did not require quantitative knowledge of atomic 
radii and valency angles in order to explain phenomena like optical activity. 
Normal aliphatic chains still formed’ straight lines in the minds of organic 
chemists rather than zig-zag structures [Lawrence?]. About 1900 the term 
‘‘world of neglected dimensions” was coined by Ostwald for colloid chemistry. 
In retrospect it appears that important aspects of the nature of small molecules, 
way below colloidal dimensions, had likewise remained neglected. The devel- 
opment of physical chemistry after the turn of the century led to the recognition 
that molecular species were endowed not only with size, but also with shape 
and with dipolar distribution of electric charges. Langmuir adopted this concrete 
image of the molecule and ascribed different surface properties to the various 
regions on the surface of a molecule. He conceived the nature of the ‘duplex 
film” to explain the behavior of monomolecular layers of polar lipids, floating 
on water. He recognized the orientation of the hydrophilic portion of the 
molecule towards the aqueous hypophase with the hydrophobic tail pointing 
upwards. ' : 

The British school operated primarily with force/area diagrams and surface 
potentials i.e., trans-film potentials of a variety of substances and under varying 
conditions. Langmuir, assisted by Katharine Blodgett and Vincent Schaefer, 
added optical methods for the measurement of film thickness and taught the 
building-up of films from the aqueous hypophase onto glass or metal slides. 
These techniques have proved to be invaluable additions to the armamentarium 
of monolayer chemistry. 

The building-up process of Blodgett permits the study of matter in 
two-dimensional array on solid/gas and solid/liquid boundaries. Layers of. 
material, laid down on solid surfaces at random and thus in amorphous state, 
have certainly been investigated since adsorption phenomena had first been 
described. But building-up of monolayers on solids by transfer from a liquid 
hypophase allows the study of two-dimensional crystalline structures to be 
expanded to many novel features. While anchored on the solid phase, they 
can be exposed to interaction with liquids, solutions and gases. This interaction 
could be in the nature of a chemical reaction or it could lead to the selective 
solution of one component of the film, a process designated by Blodgett and 
Langmuir as ‘‘skeletonization’’. 

The effect of these experimental advances is easier to evaluate than the 
impact of Langmuir’s ideas on his contemporaries who learned the new methods 
and developed the biochemistry of surfaces under the combined influence 
of concepts originated by Adam, Harkins, Rideal and others as well as by 
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Langmuir. Whether and to which degree surface chemists of today are con- 
scious of Langmuir’s role and ready to acknowledge it, hardly matters. The 
over-all influence of Langmuir’s thinking in the field of surface chemistry 
is undisputed. 

Apparatus.— The Langmuir trough has undergone many developments. 
New plastic material such as Lucite and Tefleon, a material extremely low 
surface energy, have been used for the construction of troughs. Various film 
balances have been described, some of which permit the measurement of 
surface pressures down to fractions of a dyne/centimeter in a region of great 
interest for the study of gaseous films. Simple types of film balances have 
been constructed e.g., by Few and Schulman,? Alexander‘ and Guastalla.® 
When one uses an optical lever of 200 cm, 0.3 cm on the magnified scale 
correspond to 0.01 dyne/cm. 

For special purposes recording film balances have been built. For the study 
of protein films at the water/air interface, continuous recording and extremely 
slow compression are essential. A pendulum balance was found superior to 
a torsion wire balance [Guastalla5 and Trurnit*]. The principle of the pendulum 
offers an ideal means to measure forces acting in a horizontal direction since 
its deviations at small angles are nearly proportional to the force acting on the 
pendulum. This force is transformed through a servo-motor into a vertical 
ink-pen motion on a drum which turns either at constant speed or at a rate 
parallel to the film compression mechanism, thus permitting the writing of 
pressure/time or pressure/area curves at constant pressure. Some of these 
features were foreshadowed by a device which Langmuir and Schaefer had 
constructed for the determination of the deposition ratio. 

Most gratifying to Langmuir and perhaps the greatest single contribution 
to the development of apparatus in the chemistry of monomolecular layers 
was Rothen’s ellipsometer.” This instrument is based on the fact that elliptically 
polarized, monochromatic light is converted into linearly polarized light by 
passage through a properly oriented quarter-wavelength plate. This principle 
is applied to beams of light reflected from thin surface films on optically flat 
metals surfaces, using reference blocks of 1, 3, 5... barium stearate layers. 
The simpler interferometric method of Langmuir and Blodgett will be recog- 
nized as a special case of this method. Rothen introduced the half-shadow prin- 
ciple by using two contiguous reference blocks; the analyzer of a polariscope 
serves for the measurement of the angles before and after deposition of the 
unknow layer across the two reference layers. Faucher, McManus and Trurnit® 
have published a simple theoretical treatment of ellipsometry, which leads 
to a satisfactory agreement with observational data up to large film thicknesses. 
They show that both the refractive index of a multilayer and the thickness 
of its constituent monolayers may be determined experimentally on the same 
step layer sample by determining the multilayer thicknesses at two different 
wavelengths for minimum reflection. Hartman® and Mattuck! achieved the 
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same goal by observing the position of interference fringes, obtained by reflect- 
ing white light from the multilayer step plate in a spectroscope placed at the 
output end of the ellipsometer. This experimental arrangement, however, does 
not lend itself easily to automatic recording. 

The thickness of built-up polymolecular layers is of interest not only in 
the interpretation of molecular anatomy and architecture, but also for the 
study of reactions between a liquid phase and the film, as measured by 
changes of thickness. Trurnit* has developed a recording ellipsometer which 
permits the tracing of changes in thickness in air as well as on plates sub- 
merged in liquid. This adaptation consists essentially in the connection of 
a photomultiplier cell with a telescope at the analyzer end of the ellipsometer. 
Ellipsometry literally magnifies the scale of adsorption or desorption from 
107 to 10° times. 

Collapse and Polymolecular Films.— The behavior and constellation of 
films on water is fairly well understood within the range in which they are 
not more than one molecule thick and where force and area are continuous 
functions of each other. The fate of films beyond the collapse point was until 
recently shrouded in mystery. One knew that the molecules, upon growing 
lateral pressure, assume an increasingly vertical position until they reach a state 
of packing which corresponds to a minimum cross-sectional area. In this 
region compressibility is reduced to a minimum. The pressure, capable of 
producing collapse, varies a great deal depending on the nature of the compound. 
In general, the larger the Van der Waals forces and their share in the force 
which holds the molecules together, the higher the collapse pressure. What 
happens when a film collapses? 

An answer was supplied by electron microscopy. Ries and Kimball? 
selected n-hexatriacontanoic acid for this investigation not only because of 
the large Van der Waals forces and the correspondingly high collapse pressure 
but also because the thickness of its monomolecular layers of 50 A. lends itself 
to electron-microscopic observation. This acid was spread on water and 
deposited on a collodium-covered standard 200-mesh screen. Previously, 
one had believed that monolayers were homogenous at all stages of compression. 
Observations under the dark-field ultramicroscope and surface potential 
measurements suggested heterogeneity at low pressures and then again in 
the region of collapse. The electron microscope permits studies of such details 
on a minute scale. At medium pressures, about 15 dynes/cm, the expanded 
hexatriacontanoic acid film has begun to consolidate in crystalline islands; 
at higher pressures, this phase becomes confluent and at 40 dynes/cm the 
lacunae in the contiguous film have disappeared. Up to this point the thickness 
of the film, as measured by the shadow of its boundaries, is 50 A. corresponding 
to the length of the molecule. When the collapse pressure of ca. 57 dynes/cm 
is reached, one observes the formation of tiny blisters or bulges, often in linear 
alignment. Eventually, ridges are observed and, by breaking and tumbling 
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back on the monolayer, elongated folds are formed. These long flat’ structures, 
say 0.14 wide, are about 100 A. or two molecules thicker than the monolayer 
itself. : 

When an extremely dilute solution of hexatriacontanoic acid is brought 
directly on the screen in quantities smaller than needed for a closely packed 
monolayer, platelets of ca. 100 A. i.e., two molecules thickness are obtained. 
This indicates the strong cohesion of the long aliphatic chains with strong 
attraction between the polar groups forming micellae face to face. These 
dimetric structures may be important for folding previous to collapse, and 
they may play some part in the great facility by which alternative monolayers 
are built-up by the Blodgett-Langmuir technique. 

Polyfunctional structures may be responsible for observations [Sobotka!*] 
that porphyrins under 30 dynes/cm pressure on water form films 30-36 A. 
thick, which is twice the longest extension of the porphyrin molecules. Langmuir 
thought that the doubling of porphyrin layers was simply analogous to the 
thickening of an ice sheet on a lake, when one part of the ice sheet is 
pushed on top of another at random by lateral pressure. However, the multipolar 
structure of the various porphyrin derivatives tested makes it plausible that 
they regularly form dimolecular sheets under high pressure with the molecules 
standing on edge. The building-up technique then leads to quadruple films. 
Other observations [Sobotka and Rosenberg], which call for the assumption 
of dimolecular films on water have been made with the heptadecylsemicarbazone 
of cyclohexanone [Chanley, Kalichstein and Gindler'5] with apparent molecular 
cross-section of 11 A%, exactly one-half the value for aliphatic chains. This 
phenomenon is ascribed to twinning under the influence of hydrogen bonds; 
it is absent in the 4-heptadecyl-2-methyl semicarbazone of cyclohexanone, in 
which the critical hydrogen atom is replaced by a methyl group. 

Langmuir had observed that 9, 10-dichlorostearic acid, obtained by addition 
of chlorine to oleic acid, formed poor films and he ascribed this difficulty to 
the spindle-like shape of the molecule. We have observed [Sobotka, Demeny 
and Arnaki!*] that 10, 13, 16-triiodostearic acid forms monomolecular films 
on a barium buffer at pH = 8.2 under 16 dynes/cm, which are 15 A. thick 
indicating a slant of ca. 53°. Under high pressure the thickness of the film 
multiplies and, on building-up under a pressure of 19 dynes/cm., steps are 
formed of ca, 150 A thickness per round trip, a figure which is twice the threefold 
length of a C,,-chain. The formation of a triple film on water is favored by 
the strongly electronegative character of the iodine atoms, sufficient to produce 
a macrohomogeneous film consisting of three monolayers in the order ABA, 
similar to the picture of thé collapsed C,,-film. 

Another analogous situation has been observed by Sobotka and Bloch” 
with cholanic acid. Similar phenomena have been described in more detail by 
Ekwall and Ekholm!'® for lithocholic acid, a bile acid carrying polar groups, 
1 carboxyl and 1 hydroxyl, at the extremities of its molecule. Its force/area 
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curve reaches with increasing pressure a plateau at about 80 A? per molecule 
which corresponds approximately to the smallest area compatible with dense 
packing of the molecules, but which would have both hydrophilic groups 
still in contact with the hypophase. From here on, instead of collapsing, the 
film may be further compressed. At an area of 29 A? per molecule, the pressure 
again begins to rise to reach a sharp break at 24 A? per molecule resembling 
a collapse point. This value is slightly more than one-half the smallest cross- 
section of the molecule (44 A?), but it is in good agreement with the concept 
that the lithocholic acid molecules form a triple layer with the molecules in 
each of the monolayers being oriented in such a manner that they are standing 
on edge. The lowest layer dips its hydrophilic groups into the hypophase, 
the upper two layers have their polar groups adjacent to one another and the 
stability of this grouping is reinforced by hydrogen bonds. 

In all these cases the cohesive forces, contributed by the main polar group, 
are supplemented by strong Van der Waals forces or by competing elec- 
trostatic forces of functional groups such as halogen substituents or side chains 
in suitable positions. These. monolayers are more resistant to lateral pressure; 
under higher pressure, where simpler films collapse, they form double or 
triple layers. These may then be built-up to what may be called ‘‘polymolecular 
films of the second order”. They collapse at much higher lateral pressures. 
Such essentially dimeric structures may pre-exist in solutions of non-polar 
solvents and give rise to micellae formation. One may keep an eye on similar 
dimerizations in aqueous solutions e.g., the pH-dependent association of 
hemocyanin and of hemoglobin. Such phenomena may be of biological signi- 
ficance in growth processes. They fit in with hypotheses of growth which 
postulate the formation of a molecule by duplication of an identical molecule 
functioning as a template [Finean!*]. 

Radioactive Monolayers. — Built-up molecular layers of fatty acids and 
their salts may be radioactively labelled either by C* or H® in their hydro- 
carbon portion or by Ca‘ and other metal ions. Beischer®® studied the laws 
of radiation in such practically weightless films and published data for the 
back-scattering of the -radiation of C' from the metal or glass surface, on 
which the monolayer was deposited, and also from the photographic film 
placed in direct contact on top of the layer. Monolayers can be used as f- 
radiation standards and also for the absolute measurement of {-radiation. 
They also may serve as source of electrons in transmission radiography of 
non-radioactive specimens such as butterfly wings, an inexpensive method 
of viewing objects in electron light, where the magnification of the electron 
microscope is not required. 

Experimentation with radioactively labelled monolayers opens new avenues 
not only for radiology but also for surface chemistry. (For some applications 
of radioactive tracer methods see below.) The phenomenon of surface diffusion 
on solids consists in the lateral movement of molecules along the surface under 
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the influence of thermal agitation. One may formulate the surface diffusion 
coefficient Ds as the number of molecules passing a borderline of unit length 
(cm) in unit time (day) under the influence of the unit concentration gradient 
such as obtains between a fully occupied monolayer for aliphatic molecules 
(2.107)? molecules/cm?, and an empty surface at 1 cm distance. This gradient 
Ds = n-a+g/t, where n is the number of molecules, a the length of the 
borderline, g the gradient and ¢ the time. Ds is found considerably greater 
than the analogous diffusion coefficient in solid materials and comes closer 
to diffusion coefficients in liquid systems except for cases where the free move- 
ment of the molecules parallel to the surface is counteracted by chemi- 
sorption. 

The melting process of a monolayer differs from that of the substance 
in bulk. Scratches on the surface become visible in the radioautograph, indi- 
cating advanced disorder in the monolayer and accumulation at the fault. 
The time it takes for this phenomenon to appear varies from minutes to months, 
depending on the temperature. 

Structural Problems of Monomolecular Films. —'The deposition ratio in 
the building-up process is defined as the quotient of the area of the H-layer, 
spread on the hypophase, to the area of the built-up layer. It was originally 
assumed to equal unity, but with improved techniques it was found to be 
smaller than say ca. 0.96 in the case of stearic acid on a barium buffer. A value 
smaller than 1 means that the film has been stretched during the building-up 
process. Since the built-up film conserves its crystalline structure, this pheno- 
menon is due to increased slanting of the molecules and/or to transition from 
one to another crystallographic system; it may also involve the disposition 
of the cations at the base of the film. The evidence favors the assumption 
of a hexagonal arrangement of fatty acids in monolayers, a crystal system 
whose occurrence in the bulk phase is limited to a temperature zone of a few 
degrees between a transition point and the melting point. Light has been thrown 
on these questions from three angles. (2) Havinga and De Wael*? have shown 
by X-ray crystallography that the ions in each layer form a hexagonal network. 
(6) Blodgett and Langmuir,?* in the original observations on skeletonization 
of stearic acid-barium stearate films, found that one may remove up to one- 
third of the molecules. In films formed at lower pH, thus with a higher per- 
centage of free and, therefore, skeletonizable stearic acid, the film breaks 
down and cannot be reconstituted to original thickness. In a two-dimensional 
hexagonal matrix the orderly removal of every third point leaves a beehive 
design forming a contiguous network. (c) Sobotka and Rosenberg** have 
corroborated this concept in experiments with mixtures of fatty acids and 
normal chain hydrocarbons. These yield stable films only when the molecular 
ratio is not higher than one hydrocarbon to two fatty acids. 

In the spreading of w-branched fatty acids [Sobotka, Rosenberg and 
Birnbaum*], the iso-acids with terminal isopropyl groups form films which 
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may be built-up. From their thickness, which is less than in the normal isomer, 
the slant of the molecule may be computed; it is found sufficient to accom- 
modate the terminal group whose cross section exceeds that of a single methyl 
group. These films change spontaneously within several hours on standing 
at room temperature: their thickness decreases by sublimation and their 
appearance becomes increasingly hazy. The neo-acids with therminal tertiary 
butyl groups form unsatisfactory hazy films, indicating that the bulky end 
groups cannot be accommodated except by extreme slanting which prevents. 
cohesion and orderly ‘‘nesting’” of the tertiary butyl groups at the surface. 
The greatly enhanced volatility in substances with low surface energy, due 
to the neo-group —C(CHs)s, is a familar phenomenon. Analogous situations. 
are encountered in w-trifluorostearic acid [Shafrin and Zisman**] and in 
perfluoro acids [Klevens and Davies?’]. 

Normal-chain aliphatic acids also demonstrate by their melting behavior 
in molecular films the intrinsic differences between two- and three-dimensional. 
structures. The question of the melting point of thin films has been studied 
by Karagounis®*?* for a great variety of inorganic and organic compounds. 
He suggested a connection between the z-electrons of the compound and the 
number of unoccupied spaces in the metals and alloys of the underlying plate. 
While this hypothesis does not apply to saturated fatty acid films, the effect 
of the chemical nature of the solid hypophase on the properties of the film, 
especially on the melting process, should be studied. We have observed 
[Sobotka**] that palmitic acid films become disorganized between 32-35% 
ie., 30° below the m.p. in bulk of 64°; stearic acid films between 40-45° 
ie., 25° below the bulk m.p. of 69.5°. Intuition may tell us that these pecu- 
liarities of two-dimensional structure are to be expected as the forces of 
cohesion act here in two dimensions only, but a quantitative treatment will 
require a combination of crystallographic and thermodynamic concepts. 

Kinetic Studies. — What holds for structural situations becomes more 
involved where the dimension of time is added in kinetic problems. We 
[Sobotka and Bloch?”] have studied the rate at which cholanic acid films are 
compressed under constant lateral pressure at various temperatures. The 
rate is much slower than e.g., for the compression of protein films under 
identical conditions. When barium buffer is included in the substrate, the 
speed of compression is 4-5 times slower, but subsequent analysis of the 
built-up film shows the absence of barium. The concentration of a film under 
lateral pressure involves several factors and the resulting rate has not yet 
been treated mathematically. 

As regards the composition of the film, barium appears to enter into the 
film on the hypophase, but is eliminated in the building-up process. An 
analogous situation was observed in the comparative analysis of the calcium 
content of stearic acid-calcium stearate films. Langmuir and Schaefer®! had 
determined by conventional analytical methods the percentage of alkaline. 
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earth metals in fatty acid films on water; the percentage of neutralization 
was found to be a function of the pH of the hypophase. Analogous experiments 
[Sobotka, Demeny and Chanley**] using Ca‘® in the hypophase, subsequent 
building-up, and radioactive counting show that substantially less calcium is 
in the built-up monolayer than in the floating film. Likewise, bivalent organic 
ions like the phenylene diamines or benzidine strongly influence the spreading 
of a fatty acid layer, but are definitely absent from the built-up film. These 
phenomena are due to the fact that the H-ion concentration near the in- 
terface is substantially higher than in the bulk of the hypophase. The micro- 
mechanics of the deposition involve an exchange of bivalent ions against protons. 
Differentials of several pH units were noted by Havinga*®* in the comparison 
of lactonization rates of certain acids in bulk and in the two-dimensional state 
and also in the color changes of lipid indicators e.g., Cetyl Organe and Cetyl 
Red in monolayers. Dixon, Judson, and Salley* found an atmosphere of 
*‘gegenions” up to 30 layers thick beneath the surface of monolayers, resulting 
in shifts of the pH values. 

Skeletonization.— The process of skeletonization by organic solvents 
has its parallel in the ripping-off reaction, discussed below, which involves 
likewise the free fatty acids. But since the ripping-off reaction is specific for 
fatty acids of intermediate chain-length (ca. Cyg—Cy9), it offers a tool for the 
differentiation of fatty acids in mixtures. This situation has been exploited for 
a study of the mechanism of skeletonization [Sobotka*] e.g., with films of 
a mixture of stearic and lignoceric acid, in which the latter remains as skeleton. 

The skeletonization of a stearic film, in which two-thirds of the molecules 
are neutralized with barium, may be visualized as follows: The barium ions 
between each double layer form a beehive network and the hydrogen ions 
are situated in the centers of the hexagons. Each barium ion neutralizes one 
carboxylic group from the layer above it and one from the layer below. 
‘The protons are arranged in pairs, which neutralize two neighboring carboxyl 
groups by polar and hydrogen bonding, in other words, the fatty acid occurs 
in dimers. Neither the protons nor the metal ions appear to be definitely 
correlated to individual pairs of carboxylic groups, but must be imagined to 
be equidistant from six carboxylic groups, three above and three below. 

In skeletonization the free stearic acid molecules are first dissolved from 
the top layer and each of them carries with it its counterpart from the second 
layer; the hydrogen bonds are strong enough to overcome the cohesional 
forces. If we now could look down in the resulting shaft, we should see the 
three terminal methyl groups of stearic acid molecules of the third layer 
pointing upwards at a lateral distance of ca. 3.0 A from the center of the 
bottom of the shaft; one of the three molecules will now be squeezed up through 
the shaft to the surface, carrying with it the two nearest protons from the next 
ionic layer and the corresponding fatty acid from the fourth layer. While the 
external pressure has ceased upon the building-up of the film, the cohesional 
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Van der Waals forces-continue operating and are responsible for the lateral 
mechanical pressure, which is the driving force in this transfer mechanism. 
. Overturning and Anchoring. —In a discussion of the molecular events 
during deposition of monolayers we must refer to a group of observations 
which particularly fascinated Langmuir.** X-films, consisting exclusively of 
A-layers, emerge as dry as AB-double layers from the alkaline substratum, 
on which they are found. In fact, they are more hydrophobic, forming a contact 
angle of 90° with water, whereas water recedes from an emerging Y-layer at 
‘an angle of only 50°. Langmuir suggested that the barium stearate molecules 
of the A-layer overturn, so that the hydrophilic heads, originally on the outside 
of the film, exchange their position with the hydrophobic tails while still 
immersed or during withdrawal. From an inspection of atom models of long- 
chain aliphatic compounds one learns that such a chain may turn in its own 
track without bulging at the turning point. If for instance a single barium atom 
forms a U with two stearic acid rests, it can by a kind of ring-around-the-rosy 
movement turn through an intermediate C-shaped state into an inverted U 
without requiring any elbow space. Thus, a whole layer of barium stearate 
molecules may about-face like a square of soldiers without opening their 
ranks. The unexpected ease with which this may be accomplished has been 
adduced as explanation for a number of phenomena such as the hydrophobic 
character of the outside A-layer in an X-film built in an alkaline bath. 
Contact potentials of multilayers on metal plates can be measured by the 
vibrating plate method [Porter and Wyman??#*]. The contact potential of 
a film is defined as the algebraic difference between the contact potential of 
the slide covered with film and that of the chemically clean slide. It is defined 
as positive, when it corresponds to an electric double layer with the negative 
surface facing the metal. In X-films of barium stearate the contact potential 
increases with the numbers of layers at a rate of as much as 70 millivolt per 
layer. Potentials up to 12 volts have been observed in X-films. On the other 
hand Y-films give surface potentials from 200-400 millivolt, a value in- 
dependent of their thickness. If a few X-layers are built-up on top of a thick 
Y-film, the potential jumps to a value corresponding in magnitude to the 
value of a solid X-film of equal thickness. Vice versa, a few Y-layers on top 
of an X-film lower its high potential to the value of a solid Y-film. These 
observations point to the location of the charges in the surface of the film 
‘rather than to the presence of dipole moments within the film [Langmuir®®]. 
Contact potentials and overturning of monolayers and their impact upon 
surface energy and contact angles have been studied in the flotation of minerals, 
-a subject whith held Langmuir’s attention for a long time; this is discussed 
in another. volume of this collection. 
Interaction of Proteins with Lipids. —Trurnit" observed that aqueous solutions 
of bovine serum albumin in high dilution will dissolve a stearic acid film at 
considerable speed. A study of the specificity of this ripping-off reaction 
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[Sher and Sobotka**; Sobotka®*] demonstrated that it was absolutely specific 
for serum albumin and for fatty acids with a chain-length between 14 and 
18 carbon atoms, the maximum rate being reached with palmitic acid, of which 
5 to 7 layers may be ripped-off within 10 minutes at 26° and 32° respectively 
between pH 6 and 7. The reaction is in the nature of a skeletonization, the 
free acid molecules being dissolved. The presence of phosphate buffer greatly 
accelerates the reaction. The ripping-off reaction was followed both by ellip- 
sometry and by counting of radioactively labelled fatty acids. 

The effect is caused by the reaction of the fatty acid anion with some of 
the cationic groups in the protein. Various experiments, especially acetylation 
of the free epsilon-amino groups of the lysyl residues, suggest that the lysyl 
groups are involved. The stearic specificity for fatty acids within a certain 
range of chain-length indicates the involvement of a second site on the protein 
molecule, which must be in a given geometrical relationship to the cationic 
group. These observations are related to the studies of Klotz, Walker and 
Pivan®; Klotz, Burkhard and Urquhart“; and Westphal, Stets and Priest 
on the affinity of anionic dyes for serum albumin. In recent years the small 
amounts of non-esterified fatty acids in serum have been located in the albumin 
fraction; a special physiological function has been assigned to this readily avail- 
able lipid component. The affinity of serum albumin and of its various fractions 
and the total amount of fatty acid which they take up in the ripping-off reaction 
may gain significance in the study of disesase. 

The specificity of the ripping-off reaction for serum albumin is not only 
due to the topographic distribution of the residues involved on the surface 
of the protein molecule, but also to the simple fact that other proteins e.g., 
globulins become adsorbed on the fatty acid surface, while the fatty acid serum 
albumin complex is sufficiently water-soluble to go into solution. In fact, 
the reaction goes on under continuous diffusion of the fatty acid molecules from 
inside the film leading to skeletonization. The solution of the fatty acid albumin 
complex or its desorption is evidently facilitated by phosphate ion. An analogous 
effect of phosphate ion [Trurnit“’] had furnished a satisfactory explanation 
for some of Rothen’s immunochemical observations, obviating the assumption 
of long-range forces. 

The reduction of surface tension of bile salts in the presence of serum 
proteins [Tayeau and Blanquet*’] is based on complex formation between the 
bile acid anions and serum albumin. This effect is enhanced by delipidation 
of the serum, indicating that the same sites on the albumin are involved as 
in the reaction with fatty acids. 

Protein Films. —Proteins not only react with surface films, but can them- 
selves form monolayers. We shall not concern ourselves so much in this place 
with monolayers, formed by adsorption e.g., upon a surface prepared with 
polyvalent cations, such as aluminium or thorium. The events involved in 
this type of adsorption are related to tanning and may provide information 
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for the theory of this process. Adsorbed protein will interact with protein 
solutions in enzymatic and in immunochemical systems. The adsorbed layer 
may be attacked by the solution of a proteolytic enzyme or it may, in turn, 
adsorb an immunologically complementary protein, an antigen its antibody 
or vice versa. In systems of this kind the measuring methods which have been 
developed for spread and for built-up layers have proved to be of essential 
usefulness. In general, many interfacial techniques have provided means to 
study the reaction between dissolved native proteins and adsorbed monolayers 
of proteins as well as of other compounds. Such investigations will teach us 
more about the reactivity than about the structure of proteins. 

Structural knowledge has more to gain from the study of spread protein 
sheets. In the case of small molecules of known structure and constellation 
it is often easy and always rewarding to correlate the architecture of the molecule 
with its behavior in the monolayer state. The case of proteins differs. Their 
structure is still the subject of hypothesis and new observational material 
Tequires continuous adjustments of tentative theories. One major group of pro- 
teins, the fibrous and laminar proteins, offer fewer obstacles to the study of their 
structure; but their investigation in the two-dimensional state is hampered 
by their insolubility. 

The study of globular proteins is beset with a number of difficulties, unique 
for this group. Fractions obtained by the conventional preparative methods 
cannot always be considered homogeneous species and much more detailed 
preparative work is necessary before they may be adjudged chemical individuals. 
In some instances one has gone to the extreme of postulating ‘‘microhetero- 
geneity”. Their specific physiological function, their enzymatic character, 
is based in most instances on a prosthetic group or coenzyme, consisting in 
a porphyrin or nucleotide or some compound, distinctly differing in its chemical 
composition from the protein molecule itself. 

The most puzzling and unique properties of the globular proteins are 
conventionally summarized under the term ‘‘denaturation”. This word com- 
prises alterations of the protein molecule, brought about by changes in tem- 
perature and in pH, by heavy metal ions and by organic solvents, by detergents, 
by urea and related compounds, but also by physical forces such as mechanical 
shaking, various kinds of irradiation and last, but not least, by spreading on 
a surface. The effect of these various agents and forces differs widely in such 
fundamentals as reversibility and insolubilization and in many other changes 
of properties such as optical activity. Thus, it appears impossible to define 
the term ‘‘denaturation” as generally used [Bull**]. (See below.) In the following 
we shall primarily with ‘‘denaturation” by spreading, usually referred to as 
“‘surface denaturation”. 

It is generally agreed thas this phenomenon consists in an unfolding of the 
globular protein molecule, which has a spherical, ellipsoidal or polyhedral 
shape with the shortest diameter substantially greater than 10 A. to yield a 
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protein sheet of 10 A or less, thickness. This thickness is undoubtedly that 
of a two-dimensional: array of amino acids and does not substantially vary 
from one protein another. The actual mechanism of such a denaturation is 
unknown. Are we dealing with the- unfolding of a cylinder along a line parallel 
to its axis, or with the unfolding of the surface of a sphere starting from one 
of its poles, similar to the peeling of an orange, or should it be compared with 
the opening of a book, or with the unravelling of a ball of twine? What kinds 
of bonds are broken in this process? How regularly is the unfolded polypeptide 
then arranged in the surface film? 

These questions will hardly be answered until one has a clearer picture 
of the arrangements of the amino acids in the native globular protein. What 
we know primarily from thermodynamic considerations is that certain bonds. 
in the native protein must be broken and perhaps new ones linked during 
this transition. The side chains comprise hydrophobic and hydrophilic residues 
and the polar ends of the latter may be either un-ionized or electrolytically 
dissociated. The hydrophobic groups, possibly on spreading, and certainly on 
compression of the film, are squeezed into the air or whatever other non-aqueous 
phase is present, the hydrophilic groups are forced into the aqueous phase. 
Langmuir and Waugh*® found that these displacements are to a great part 
reversible; displacement and replacement of the side-chain occur at measur- 
able speed and their kinetics should be studied. The average extension of 
these two types of side-chains will determine the thickness of the compressed 
film perpendicular to its lateral extension. (See Area of Individual Molecules.) 

The biologist who is interested in the functions of the native proteins may 
feel that the transformation, involved in spreading, is so fundamental that 
it minimizes the value of the information available from the study of spread 
proteins. Thus, it becomes the chemist’s task to translate this information 
into biologically useful concepts by a process of projection. Such extrapolation 
is handicapped by the irreversibility of spreading. This shortcoming is shared 
by every other procedure that involves irreversible ‘‘denaturation” and thus 
destruction of the original structure, amongst them acid hydrolysis for the 
study of the amino acid composition of proteins. Whether the ultimate purpose 
of the study is the explanation of surface phenomena or deductions about 
protein structures, the investigation of spread protein films is as interesting 
to the surface chemist as to the biologist and biochemist. To the latter it offers 
information on molecular weight and also on properties like dissociation intd 
subunits, bond-strength, or flexibility of the peptide chain, which may 
apply to the native molecule without the necessity for extensive auxiliary 
hypotheses, 

Certain enzymatic and immunological reactions seem to remain unimpaired 
by spreading, but in view of the recent observations of Trurnit on the spreading 
process, the reports in the literature may have to be revised. The answer to the 
question, whether an enzyme functions or not in the spread state, will throw 
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light on the reaction mechanism, which is based on the undisturbed geometric 
correlation of the groups involved. 

Theory and Method of Spreading Protein Films.—The deposition on a water 
surface of a monolayer of water-insoluble, spreadable material is as such simple. 
The material to be spread in the solid, dissolved, or liquid state is brought 
in contact with the surface and will then spontaneously form a monolayer. 
This simple process, however, is insufficient for quantitative work. The amount 
of material required to cover a water surface of 1000 cm? as a monolayer at 
low pressures is in the range of 10-100ug. The direct weighing and transferring 
of these small amounts without loss onto a water surface is difficult. With solids, 
small microcrystalline particles may break off and be carried away as such 
by the freshly formed monolayer without spreading. They float on top of the 
film without coming in touch with the water. It is therefore desirable to 
dissolve the material in a suitable solvent. All spreadable substances, with 
the exception of the proteins, may be dissolved in organic solvents that are 
insoluble in water. Thus, no material will be carried down into the hypophase 
to become there precipitated or emulsified and thus lost for film formation. 
The solvent should be volatile and lighter than water. Lipids dissolved in 
solvents of this type may be dropped from a pipette onto the water surface 
and will spread completely without danger of loss. 

The spreading of globular proteins poses a unique problem. The molecules 
in their native state are water-soluble, while they are completely insoluble 
upon spreading. The solvent used for spreading, water, is miscible with the 
aqueous hypophase. Thus, the danger of loss by solution is extreme. Langmuir 
has pointed out that this source of error is enhanced at pH values other than the 
isoelectric point of a given protein [Langmuir and Schaefer®°]; this fallacy has 
lead to erroneous conclusions in the past. The literature lists a variety of remedies 
and precautionary measures such as ‘‘careful” deposition of the drops on the 
water surface or using a concentrated salt solution as hypophase [Langmuir 
and Schaefers!; Langmuir and Waugh*®; Gorter*]. 

Trurnit®* has recently offered a theory of spreading and a method, based 
on this theory, which constitutes a great step forward. Previous studies of protein 
monolayers must be revaluated in the light of his work. In the subsequent 
paragraphs we follow Trurnit’s description. 

Theory and method are based on two simple facts: (1) Protein molecules 
unfold only if they get within molecular distance of the water surface. (2) 
The only mechanism which will bring them so close to the surface is diffusion. 
The obvious solution then is to create a set of conditions which guarantees 
effective diffusion e.g., of 99 per cent or 99.9 per cent of all the material to 
the water surface before the spreading solution reaches the bulk of the hypo- 
phase. The solution, after leaving the delivery vessel, a pipette, and before 
reaching the surface of the hypophase, must be spread out in a sufficiently 
thin layer and for a sufficiently long time over a solid surface, so that diffusion 
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towards the water/air interface of this layer approaches completion as near 
as one desires. 

Diffusion of protein molecules toward the air/water interface in this thin 
layer of water will begin spontaneously as soon as each small volume leaves 
the pipette and enters the thin ‘‘open” layer. It is caused by a concentration 
gradient due to the fact that molecules, which are initially very close to the 
water/air interface, leave the liquid phase by unfolding at the interface and 
thereby become part of the insoluble film. The concentration in the solution 
very near the interface thereby becomes effectively zero. 

The total number of protein molecules in each differential volume of the 
thin layer at time zero i.e., at the moment when this volume leaves the pipette 
tip, must not be greater than the number of unfolded molecules which can be 
accommodated by the surface area of this differential volume at very low film 
pressure. Otherwise, the coverage of the surface by previously spread molecules 
would prevent molecules, newly arriving from the interior, to unfold at the 
interface. This, in turn, would stop the diffusion process. This limitation 
determines the maximum permissible concentration of the spreading solution 
as a function of the water layer thickness. 

The actual arrangement of a site for diffusion of this type could assume 
different geometrical shapes. The easiest shape in practice is a vertical glass 
tod, standing with its lower end in the trough and touching with its upper 
end the pipette tip. This upper end should be hemispherical, perfectly clean 
and wet before the spreading is started. The cylindrical sheet of protein solution 
running down the glass rod, forms the site of diffusion. As an example we 
assume a glass rod of 5 mm diameter and a flow rate of 0.25 ml/min. Experiments 
show that the water sheet around the rod under these conditions and at room 
temperature is about 12.54 thick and its average vertical velocity 2 cm/sec. 
Diffusion theory then gives the following values of per cent material removed 
by diffusion at the lower end of the rod length, measured from the tip to the 
surface of the hypophase, for a protein with a diffusion coefficient of 10-* 
cm?/sec: 83.3, 96.6, 99.3, 99.8, and 99.97 per cent protein spread for 2, 4, 
6, 8, and 10 cm rod length. The limiting concentration for the assumed water 
sheet thickness of 12.54 is 5 mg. For thicker layers it becomes smaller and 
vice versa. The diameter of the glass rod together with the volume flow rate 
determine the thickness of the water film. Thus, if a double flow rate is desired 
with the same degree of completeness of spreading, one must double the 
diameter of the glass rod in order to maintain the water film thickness. Otherwise 
the length of the rod must be increased; but the relationship is not linear. 

With this method a film of completely unfolded protein molecules is obtained 
during the process of spreading before compression experiments and other 
observations are made. Films of some proteins, spread with this method on 
distilled water, withstand pressures up to 50 dynes/cm at room temperature 
in a reversible manner. 
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Two-dimensional Viscosity.—In a number of papers Langmuir has contrib- 
uted to the study of two-dimensional viscosity and elasticity of protein films. 
Much information on these physical properties is obtainable by simple experi- 
ments in which a protein is allowed to spread against piston oil. Individual 
proteins form typical expansion patterns; their counterparts, obtained by 
spreading a drop of piston oil in the center of the protein film, are particularly 
informative [Schaefer’*]. By this means monolayers may be classified into 
three general groups with starlike, rough circular and smooth circular expansion 
patterns, which are correlated with quantitative measurements of surface 
viscosity [Langmuir and Schaefer*4]. Such measurements may be based on the 
low rate of a film under a given lateral pressure through a narrow channel 
e.g., between two micafloats. Langmuir developed two other methods for the 
determination of surface viscosity; the oscillation method [Langmuir®] for 
the more fluid type of films and an apperiodic method, which determines 
the damping coefficient of a circular platinum disk, suspended from a torsion 
head into the spread layer to be measured [Langmuir®*; Langmuir, Schaefer 
and Sobotka'’]. The latter apparatus is also used to measure the elasticity 
coefficient for shear in monolayers. [Langmuir and Schaefer*?*]. 

Determination of Molecular Weight.—In the last paper of this volume, 
Langmuir and Waugh*® develop a method for the determination of the molecular 
weight (MW) of protein fragments between 1000 and 3000, displaced from 
a protein film by lateral pressure. The underlying principle awaits expansion 
to lower and higher MWs. 

A theoretically simpler method for the quantitative evaluation of the MW 
of proteins has been subsequently developed by Guastalla and by Bull 
[Mishuck and Eirich®]. By this method, reviewed in detail by Sobotka and 
Trurnit,*? Bull has determined the MW of ovalbumin, f-lactoglobulin and 
pepsin in excellent agreement with data obtained by other methods. The 
molecular weight of insulin was found at 37,000 in the presence of 2x 10-4 M 
CuSO, otherwise a molecular weight of 18,000 was obtained without any 
indication of dissociation into smaller species. This method is based on the 
force/area diagrams of spread monolayers, provided they fulfill certain con- 
ditions required for proper interpretation. In analogy to the pressure/volume 
diagram, based on Van der Waals equation, 


(p—a/v*) - (v—b) = RT 
the following formula 

(F—Fy) -(A—A,) = RT 
has been postulated for the two-dimensional state, where F stands for the 
lateral pressure of the film, F, for the Van der Waals forces, A for the area 
available per gram molecule, and A, for its actual area. If F-A be plotted 
against F, a straight line will in general be obtained for the region of low pressure. 
The term Fy, which becomes felt only at higher compression, may be neglected. 
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That a straight line is obtained, demonstrates that the area Ao, occupied by the 
molecules, is a constant. In a few instances, such as the au.tibiotic bacitracin 
and the adrenotropic cortical hormone linearity was lacking due to aggregation 
phenomena. In these instances and also in the case of lysozyme, which is 
recalcitrant to spreading, the method cannot be used. Neglecting Fy, the 
equation may be transformed into 
FA = FA,+RT 

which is satisfied by a straight line with slant A,; the intercept on the ordinate 
equals RT. F is measured in dynes/cm; R equals 8.3 x 10’ erg/degree. Multi- 
plied by T = 298°K, RT becomes 24.7 x 10°. To transform the value of the 
area A from m* /mg into cm?/g one divides by 10’; thus, the experimental 
data correspond to 1 g. It can be shown that the term RT equals 24.7 x 10?/MW. 
Thus, 2470, divided by the entire term, which equals the intercept on the 
Y-axis, yields the molecular weight. 

Area of Individual Molecules.—The area occupied by single molecules can 
be calculated from molecular weight, thickness, and specific gravity. One ml 
of a substance of specific gravity d contains 6.02 x 10*xd/MW molecules; 
one molecule thus occupies 1.66 x MW/d in cubic A. If the thickness of the 
spread molecules is h Angstrom, the molecular area Amol = 1.66 MW/dxh 
in square A. or, if the area A, is given in m?/mg, then 

Amol = 1.66 MWx A,/dx 10 in square A. 

This area, divided by the number of amino acid residues per molecule, 
gives an estimate of the mean area of the individual amino acid residue. The 
resulting figure is around 15.4? in typical cases, but since we know that the 
cross-section of the average residue is about twice this value, it confirms the 
assumption that the R-groups are half distributed to both sides of the peptide 
chain or network (see above). This agrees with the concept, deduced from 
stereochemical considerations, that the R-groups alternate between both 
sides of a peptide chain. The ideal case, where hydrophobic and hydrophilic 
residues regularly alternate throughout a protein molecule, may never be 
realized; such arrangement has never been found in the sequential analysis 
of proteins. As they do not alternate regularly, one has to assume that a number 
of hydrophilic side chains will be pushed into the hypophase and a number 
of hydrophobic ones upwards. Examples have been found for both instances, 
especially for films at oil/water interfaces with much lower electric surface 
potentials than air-water interfaces. These differences in potential are due to 
differences in the tilt of the C = O dipoles in the backbone of the molecule. 
Valuable information on this point has been furnished by the study of synthetic 
polypetides, consisting of a single species only of amino acid residues. In any 
event, differences in the degree of irregularity or, perhaps better said, deviations 
properties as cohesiveness, compressibility, plasticity and elasticity of the 
film and such features as the retention of biological function. 
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Diffusion and Penetration—When one considers membranes, one thinks 
of the diffusibility of various molecular species across them. In spite of the 
numerous analogies between membranes and films, the idea of diffusion 
cannot be applied unaltered to thin films. Their behaviour in this respect is so 
different that we prefer to talk of their penetrability, by which is meant the 
continuous opening and closing of spaces between the individual molecules 
or of lacunae in polymeric networks as a result of thermic agitation. This image 
explains the actual transmission of molecules like fatty acids and even proteins 
through films without the need of invoking unprecedented long-range 
forces. 

Typical for live matter is the dorsiventral asymmetry of membranes in bio- 
logical structures. Langmuir, Schaefer and Wrinch** have built up protein 
monolayers of two types, with the hydrophilic and with the hydrophobic side 
respectively outwards. They discuss the differences in their penetrability and 
examine the assumption that the layers consist not of polypeptide chains, 
but of a network, as they appear to lack the capacity to overturn. 

Film on Liquid/Liquid Boundary.— Experiments along this line will gain 
much weight, if extended to films on the boundary between two liquid phases 
in closer analogy to conditions in the living organism. Such studies have been 
carried out e.g., by Devaux and by Langmuir and Waugh,® using protein 
lipoid mixtures. Hutchinson,” in a review of the properties of films at oil/water 
interfaces, concludes that many more systems must be examined before any 
clear picture of films at the oil/water interface can be obtained. Experimen- 
tation on liquid/liquid interfaces is substantially more difficult than the study 
of films spread on the surface or built-up on a solid, but the effort may be well 
rewarded by giving us insight into biological mechanisms. 

Chlorophyll.Langmuir’s and Schaefer’s*? experiments on chlorophyll 
have stimulated the interest in the structure of the chloroplast. The absorption 
spectrum of chlorophyll monolayers has been recently investigated by Trurnit 
and Colmano.® Absorbance is strong enough to be noticed by the unaided eye 
against the white background, but insufficient for quantitative spectroscopic 
measurements. Monolayers of chlorophyll A and B were built by immersing 
a stack of 15 microscope slides into a shallow trough, containing a monolayer 
of chlorophyll on a water surface and compressing it to the desired pressure. 
This stack was then placed in a spectrophotometer, permitting the study of the 
spectrum across 30 monolayers, while the water layers on the glass persisted 
during the scanning period. Similar experiments were performed with ch!orophyll 
on Nujol/water interfaces. The absorption peaks in this state showed a consi- 
derable shift towards longer wavelength, compared to the spectrum of molecular 
solutions, and thus resemble the spectra of the chloroplast. This confirms 
the assumption of a lamellar stucture of the chloroplast. 

Electron microscopy has detected laminate structure in many instances, 
not only in the chloroplast, but also in the myelin sheath of nerves, in mito- 
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chondria etc. The functional significance of such laminate parcels and the 
interpretation of their visualization by staining e.g., with osmium tetroxide, 
is at present still in the domain of hypothesis. It is at this stage that surface 
chemistry may provide useful information through the synthesis and observation 
of models. A start in this direction has been made by Trurnit, who has gone 
one step further. He obtained electron microscope pictures of cross-section 
through multilayers of fatty acids, especially of behenic acid-barium behenate 
films, treated with OsO,. Although the interpretation of the alternative bands 
is yet incomplete, the periodicity tallies with the values for thickness, obtained 
by other methods [Trurnit®®]. Trurnit, Colmano, and Schidlovsky” have 
also obtained electron micrographs of cross-sections of mixed films, produced 
by alternating deposition of fatty acids and proteins. The results may be compared 
with electron microscope studies of synthetic phosphatides [Finean”] and of 
myelin figures [Stoeckenius”]. 

Bioanalytical Applications.— The development of monolayer techniques 
has been reflected by numerous bioanalytical applications. The use of radio- 
active monolayers for transmission radiography has been mentioned previously. 
Dipping through a radioactive monolayer may be used for the determination 
of complex body areas e.g., in insects. As an example in analytical biochemistry, 
the microanalysis of fat samples should be mentioned [Jones’’]. A micro 
volume of blood serum is extracted and the extract dissolved in petroleum 
ether. A microdrop of this solution is placed on a tray with water where it 
spreads against a film of calibrated piston oil, so as to be under a lateral 
pressure o1 20 dynes/cm. The area occupied by the lipid layer, between 10 and 
100 cm?, permits the estimation of the amounts of lipid, usually between 2 
and 20 micrograms. Controls and adjustments are required because of differ- 
ences in the weight/area quotient between triglycerides, cholesterol and free 
fatty acids. 

Monolayers in Nature-—'The importance of monolayers in animals and 
plants has been discussed in connection with natural membranes and lamellar 
structures, which pervade the morphology of living organisms. A few special 
instances of monomolecular layers in nature deserve mention. Cheeseman?4 
observed that watersnails feed on the monolayer of protein, ever present on 
stationary or slow moving bodies of water. These animals have a technique 
of compressing the monolayer with their foot, so that it collapses to a fibrous 
mass, which is then eaten without a disproportionally high intake of water. 

Monomolecular layers are involved in the absorption processes on which 
the hitherto mysterious sense of smell is based. These processes have now 
become subject to quantitative study. Air, saturated with the vapor of an odorous 
substance, is passed through a closed vessel containing the olfactory pigmented 
epithelium from the turbinate of a recently killed sheep or into one nostril 
of the head of a recently killed sheep. The air, emerging from the apparatus 
or from the other nostril, was smelled and the time was recorded when the 
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smell appeared. Other experiments were carried out with standard particular 
matter (activated carbon, silica gel, alumina etc.). The replacement of one 
odor by another and the adsorption characteristics on olfactory epithelium 
and standard substances permit quantitative treatment [Moncrieff?]. Con- 
sideration of threshold values and of molecular shapes support the theory that 
adsorbed odorants initiate the nervous impulse by producing dislocations 
in the cell membrane. p Molecules must be simultaneously adsorbed within 
a unit area element of 64 A? to effectively puncture the membrane. Thus, 1/p 
measures the dislocation power of an odorant molecule in the membrane 
[Davies and Taylor?*]. Ionone which is a volatile product in the catabolism 
of carotenoids, has by far the lowest threshold value, 1.6 10® molecules/ml, 
amongst known odorants with skatole, 1.8 x 10® molecules/ml, second lowest. 
The significance of these data for various phases of evolution in the animal 
kingdom is open to conjecture. 

Bio-engineering: Evaporation Control.— Aliphatic alcohols form considerably 
denser films in regard to penetrating molecules because of their molecular 
structure. If properly applied, they substantially reduce the evaporation from 
aqueous hypophase. This property has been exploited for the control of evap- 
oration and thus for the conservation of the water supply in hot dry climates. 
Among reports from a variety of regions, such as Colorado, Texas, Brazil, 
East and South Africa, Soviet Union, Israel and Australia, the reports from 
Australia may be selected where this operation is farthest advanced [Mans- 
field’"]. While fatty acid films are too rigid to withstand damage by wind and 
debris, and while fluid oil films inevitably revert to a system of lenses in equi- 
librium with a monolayer, films of aliphatic alcohols are self-healing, provided 
excess crystals of the solid are available. Moreover, these monolayers prove 
sufficiently permeable to air and oxygen so as not to promote stagnation and 
thus to upset biological equilibria. The material is supplied in small beads 
of 2 mm/diameter from gauze bags in baskets or rafts anchored on the windward 
side of a water reservoir. The considerable resistance against evaporation, 
provided by the laminar layer of air above a water surface, is tripled by a mono- 
layer of cetyl alcohol; thus, evaporation may theoretically be retarded by two- 
thirds. The actual figures are lower, but the system has been successfully 
applied to a reservoir of nearly 1000 acres where evaporation was reduced 
by 37 per cent in spite of unusually high winds, saving 220 million gallons 
of water during the 6-week period of the experiment [Sutherland’*]. One may 
feel intrigued by the fact, that the science of monolayers has moved in a circle. 
The first experiments on the spreading of thin films were carried out by 
Benjamin Frankin, who poured oil upon the surface of a large pond [Crowther’®]. 

Summary.— 1 have attempted to keep this cross-section of the present 
state of the art focussed upon biological problems including models for their 
investigation. The approaches and techniques of experimental research have 
developed during recent decades to render it difficult to categorize them as 
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belonging to physical, colloid, or organic chemistry, to physiology, biology, 
or cytology. The influence of Langmuir upon surface chemistry in biology 
demonstrates, in the face of increasing specialization, that a well trained mind 
with universal interests is irreplaceable for the initiation and stimulation of 
research in novel fields and in border regions for which none of the specialists 
feel responsible. 

The refreshing influence of an outsider upon a question that has become 
stale in the course of time may be examplified by a quotation from Langmuir’s 
discussion remarks on the denaturation of proteins. [Discussion remarks, 
reprinted after reference, Langmuir®]. 

Denaturation is often described in terms of simultaneous changes in 
more than one property. If we are thus to have several criteria, we shall 
find many cases where, according to one criterion denaturation has occurred, 
while according to others it has not. 

Another difficulty arises in connection with different possible degrees 
of denaturation. Thus if loss of enzyme activity and insolubility are tests 
for the denaturation of pepsin, we must admit that pepsin which has been 
heated to 100°C has been denatured. If this is true, then we certainly must 
recognize that there are many kinds of denaturation corresponding to various 
ranges of temperatures between 70° and 100°C. 

The word, ‘‘denaturation” is ordinarily employed to describe modifi- 
cations which are just sufficient to cause the protein to lose its identity. 
More drastic changes in protein structure are described in other terms. 
The problem of defining denaturation thus resembles in many ways that 
which a post office faces in determining whether a partly multilated postage 
stamp on a letter is or not valid. 

Unless by common consent (which seems hardly possible) we agree 
upon a single definite property of a protein to serve as a criterion for de- 
naturation, we will have an almost infinite number of kinds of denaturation. 
The word is thus essentially vague, or, as Bridgman would say, fuzzy. 
This, of course, does not mean that we should not use the term at all, but 
we should recognize that its use is only a temporary expedient to serve until 
we have more knowledge of protein reactions. In the meantime we will do 
we.l not to waste time trying to determine the true nature of denaturation 
without specifying what change in properties we wish to consider. 

The homely simile of the post office is typical for the practical approach 
of Langmuir, who would present comparisons and ideas from unexpected 
quarters, from every day life or from entirely different scientific or technical 
lines of thought. As an example, I once showed Langmuir an article by 
Engstrém® on the ultramicro determination of nitrogen by X-ray absorption 
spectroscopy, based on the sharp difference in absorbance at a wavelength 
slightly to the left (say: K~) and to the right (say: K+) of the K line in the 
X-ray spectrum of nitrogen. Having glanced through the paper, he conceived 
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without a moment’s hesitation the following method: Superimpose a positive 
photograph, taken with monochromatic K~- light, and a negative photograph, 
taken with K+ light. This optical subtraction will eliminate absorption 
by all other elements and give at once a map of the distribution of nitrogen. 

Langmuir’s ingenuity bears a close resemblance to the adaptability and 
universality of Benjamin Franklin’s genius. While Langmuir’s mind is reflected 
in all these Memorial Volumes, his impact upon biology, a field peripheral 
to this own training, perhaps illustrates best his universality. 

Harry SOBOTKA 
Bibliography 

Surface chemistry has been the theme of numerous symposia and conferences 
during the last 25 years. A symposium on ‘‘Applications of Surface Chemistry 
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BUILT-UP FILMS OF PROTEINS AND THEIR PROPERTIES 


With V. J. Scoazrer and D. M. Wrincu as co-authors 
Science 
Vol. LXXXV, No. 2194, 76, January (1937). 


Many proteins can exist in water as large spherical molecules, but they can 
also spread on water surfaces, giving elastic solid monomolecular films having 
great two-dimensional compressibility. The present paper describes experi- 
ments made to determine whether the methods! developed in this laboratory 
for studies of monolayers of higher fatty acids are applicable to monolayers 
of proteins. 

We have been able to transfer monolayers of protein from a water surface 
onto solid surfaces, where their thickness can be measured by optical methods 
and many new properties can be observed. 

As a solid substrate upon which to build up such films we have found 
it preferable to use a surface already covered with a number of layers of 
barium stearate obtained by the method described by Dr. Blodgett.? For 
example, we use a plate about the size of a microscope slide consisting 
of highly polished chromium plated brass. If 37 to 47 layers of barium stearate 
are placed upon this plate, the interference colors observed with polarized 
light at large angles of incidence are so sensitive to changes in thickness 
of the film that an increment of 3 x10-® cm produces noticeable change 
of color. A single monolayer of protein thus produces a very striking color 
change. A further development of Dr. Blodgett’s technique, using monochro- 
matic light and a photocell to determine the relative reflectivities of adjacent 
steps, should make it possible to measure variations in thickness much less 
than 10-° cm. 

A monomolecular film of protein may be transferred to a solid surface 
prepared in this way as follows: The surface of distilled water in a tray 
is cleaned by scraping with a barrier. A narrow strip of paper is placed upon 
the water near one end of the tray. A platinum wire, to which a few particles 
of protein, such as egg albumin or pepsin, are attached, is made to touch 
the surface of the water and the monomolecular film spreads out from these 
particles, pushing ahead of it the floating paper strip. A small drop of purified 


2 I. Langmuir, ¥. Franklin Inst. 218, 143, 1934. 
* Katharine B. Blodgett, ¥. Am. Chem. Soc. 57, 1007, 1935. 
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oleic acid is then applied to the water on the other side of the paper strip, 
so that a surface pressure of about 30 dynes per cm acts upon the protein 
film. The paper strip indicates the boundary between the protein film and 
the oleic acid film. 


Monofilms 


A single monolayer of protein may now be transferred to the prepared 
plate in two different ways. In the first method, which we shall denote as 
Method A, the plate, held in a vertical plane, is lowered into water. The move- 
ment of the paper barrier toward the plate proves that the protein film is being 
transferred to the plate. The plate is then kept immersed in the water while 
the protein film is removed from the surface by scraping and by blowing any 
residual film to the opposite end of the tray, where it may be confined behind 
a barrier. The plate, when raised out of the water, comes out wet, whereas 
if the protein film had not been placed upon the plate, the plate would have 
shed water when it was withdrawn. After allowing the surface film of water 
to evaporate, examination of the plate with polarized light at angles near grazing 
incidence shows that the part of the plate to which the protein film has been 
applied differs markedly in color from the original stearate film. Comparing 
the color with that of stearate films having a known series of steps, it is 
seen that the thickness of a film of egg albumin obtained under these conditions 
is about 20 x10-* cm. 

The second method of applying the protein film, which we shall call Method 
B, consists in lowering the prepared plate vertically through a clean water 
surface, then applying the protein film as before and raising the plate out 
through this film. The motion of the paper strip again shows that a protein 
film is transferred to the plate. However, since the plate comes out wet and 
at first shows no interference colors, it is evident that the protein film is 
not yet in contact with the plate but lies on a water film several microns 
in thickness. As the water dries, the protein film becomes attached to the 
substrate. This film has about the same thickness as that obtained by 
Method A. 

It is remarkable that, although the prepared plate (without a protein film), 
lowered into clean water and withdrawn, comes out dry, it is covered by a thick 
water layer if the plate is withdrawn from water upon which there is a protein 
film. If before drying the slide, it is lowered into the water, the movement 
of the paper barrier shows that the protein film goes back on the water 
surface, notwithstanding the 30-dyne pressure exerted by the oleic acid. 
These phenomena at first suggest that the protein film acts through the water 
film, a distance of several microns, upon the stearate film on the plate and so 
modifies it that it remains wet. A closer examination of the process by which 
a stearate film sheds water proves, however, that this depends upon the pre- 
sence of a line of contact between the water-air, the water-stearate and the 
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air-stearate interfaces. This one-dimensional contact line is the seat of the 
phenomenon. The forces acting along this contact line which are enormously 
more intense than any that can be exerted by gravity on a water film of a few 
microns’ thickness produce a ‘‘zipper-like” effect in closing up the space 
available for the water film. 

The action of the protein film by which it prevents the shedding of the 
water is thus to be interpreted as evidence that the work of adhesion between 
the protein film and the stearate film is not sufficient to give a sufficiently 
strong zipper action. The film of water is then about twice as thick as that 
occurring on a clean glass slide withdrawn from water, since the water film, 
descending only by gravity, is confined in the first case between two stationary 
surfaces (the plate and the protein film), while in the case of the glass slide one 
surface of the water is free. 


Multiple Films 


We have found it possible to build up multiple protein films under certain 
conditions. To classify the types of film obtained let us use P to denote the 
plate, R for the hydrocarbon surface upon it (barium stearate layers with CH, 
radicals forming the surface), A and B for protein layers produced by Methods 
A and B, respectively. Thus, for example, PRAB denotes a prepared plate 
upon which there is an A film covered by a B film. 


PRAB Films 


By dipping a plate into water covered by a protein film, withdrawing it 
and drying the water film, two layers of protein can be transferred to the 
plate. The thickness indicated by the color change is approximately twice that 
of a single layer. With pure water as the liquid substrate we have not succeeded 
in repeating this process to build up films having the structure PRABAB. 
If a PRAB film is lowered into pure water or into water covered by a protein 
film, even under 30 dynes/cm pressure, the B film is ejected from the plate 
on to the water surface. This is evident from the motion of the paper strip. 
The loss of the B-layer from the plate when it is dipped into the water has 
also been proved by withdrawing the plate through a clean water surface, 
drying it and examining the color. 

The addition of zinc chloride to the water (10 mg per liter) prevents the 
seperation of the B from the A layer and makes it possible to continue adding 
AB layers indefinitely giving PRABABAB ... films. In this way 30 layers were 
built up without difficulty and the thickness as indicated by color increased 
in proportion. We believe that very accurate measurements of the thickness 
of the films can be made in this way. They should also be useful for study 
of structure by x-ray and electron diffraction. 
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PRBBB ... Films 


Successive B films can be built up, even without adding zinc salts, by lowering 
the plate into clean water and withdrawing it through a protein film. The 
plate always comes out wet and the new layer must be dried on before the 
next one is applied. The dried-on B-films are not ejected from the plate either 
on immersing or withdrawing the plate. 


PRBAB Films 


After a single B film has been applied and dried, the plate takes up an A 
film if it is lowered through a protein film. When the plate is withdrawn through 
a clean water surface, a PRBA film is formed; if withdrawn, through a protein 
layer, PRBAB is formed. Further than this, we have not been able to go 
without adding zinc salts, since the last B film is ejected if the plate is lowered 
into water. We have not succeeded in producing PRAAA films, but with 
difficulty have obtained imperfect PRAA films. 

All the types of films which we have been able to build using oleic acid 
pressure (30 dynes/cm) can be built without appreciably greater difficulty, 
using castor oil (about 15 dynes/cm) as piston oil. 


Properties of the Protein Films on Solids 


The foregoing observations lead to the conclusion that there are some 
essential differences between A layers and B layers. For example, B layers 
which lie upon A layers are ejected on to the water surface on immersing 
the plate in water (in absence of zinc salts); whereas B layers-upon B layers 
are not ejected. The methods used to form the layers indicate that A layers 
are turned upside down (inverted) in their formation, whereas the B layers 
are not inverted. Thus the outer surfaces of the A and B layers should be 
hydrophilic and hydrophobic, respectively. 

The adhesion of B or A layers to a PR substrate is such that dipping into 
water does not cause the removal of the layer. 

The fact that A and B layers preserve their identity after immersing in 
water indicates that they can not readily turn over. This supports the theory 
that they consist of a two-dimensional network rather than polypeptide chains. 

The outer surfaces of both A and B layers are wettable by water and by 
hydrocarbons such as hexadecane, petrolatum, benzene and hexane, and 
show no striking differences in contact angles. If either A or B layers are partly 
covered by petrolatum and then a drop of water is placed on an adjacent 
place on the layer, it can be observed on tilting the plate that the water displaces 
the hydrocarbon. This action is considerably more marked with an A film 
than with a B film, and gives some evidence for the greater hydrophilic cha- 
acter of A. 
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The most striking evidence that the outer surface of A and the inner 
surface of B are predominantly hydrophilic is furnished by the ejection on 
to the water of a B layer, which rests upon an A layer. This action is 
undoubtedly caused by the affinity of this hydrophilic interface for water. 


Stearate Films Built upon Protein Films 


When a prepared plate PR, partly covered by an A or B film, is lowered 
into water containing Ba salts covered by a stearic acid film, under 30 dynes 
pressure, it is seen that the water rises on the PRA or PRB film (contact 
angle of about 40°), whereas it is strongly depressed on the PR portions (contact 
angle far greater than 90°). When the plate is withdrawn through the stearate 
film on the water, the PR portions come out dry (with two additional stearate 
layers), while the PRA or PRB portions are wet. After drying, the color indicates 
that two stearate layers have been added on top of the protein film. If the 
plate is again lowered and raised through the stearate film on the water all 
portions of the plate come out dry and two more stearate layers have been 
added to the whole plate. In this way it has been possible to sandwich 
any number of single protein layers between layers consisting of even numbers 
of stearate monolayers. 


Permeability of Protein Films 


The composition of built-up barium stearate films depends upon the pH 
of water.* With strongly acid water, pH = 3, the films are nearly pure stearic 
acid, whereas with pH = 9 they are nearly pure neutral barium stearate. 
At pH = 6.5 the barium content is about half of that in barium stearate. 

Dr. Blodgett has found that the films of neutral barium stearate remain 
unchanged in color after immersing in benzene, but when the barium content 
is decreased by using a lower value of pH during formation of the film, 
the free stearic acid can be rapidly dissolved out of the film by benzene. 
Her measurements of refractive index of such films have shown that the 
change of color produced by immersing a part of the film in benzene is due 
to a change of refractive index of the film and not due to a change of thickness. 
Stearate films, from which free stearic acid has been removed, may be called 
skeleton films, since the barium stearate lattice remains unchanged, while the 
molecules of free stearic acid are removed, very much as the water molecules 
in a zeolite crystal can be removed without altering the silicate lattice. 

If a drop of a liquid hydrocarbon such as petrolatum or hexadecane is placed 
upon a skeleton film, it shows a lower contact angle than upon a film of 
neutral barium stearate; but the drop can still be made to move about on the 
plate without wetting it. The drop, however, leaves behind it a trail of the 


* I, Langmuir and V. J. Schaefer, 7. Am. Chem. Soc. 58, 284, 1936. 
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same color as the portions of the stearate film which have not been dipped 
into benzene. Thus the hydrocarbon immediately returns into the holes left 
by the removal of stearic acid and restores the refractive index to its original 
value, 1.49 (values as low as 1.25 may be obtained with skeleton films). 

Vapors of octane and decane brought into contact with skeleton films also 
cause the refractive index to rise to 1.49, but when the source of vapor 
is removed, evaporation of the hydrocarbon causes a gradual return to the 
original lower value characteristic of the skeleton. A large number of non-volatile 
organic substances in benzene solution can be introduced into the holes 
of a skeleton film by dipping the film into such a benzene solution, and the 
extent to which the film takes up these substances can be quickly and accurately 
determined by the color changes. Such films thus constitute molecular sieves 
which may be used to determine the sizes, shapes and surface affinities of 
organic molecules. . 

It has also been possible to place a few layers of neutral stearate upon 
fifty layers of acid stearate and to measure the rate at which benzene removes 
free stearic acid through the insoluble neutral layers. In a couple of hours 
practically all the free stearic acid (equivalent to 15 layers) can be removed 
from 50 layers of acid stearate through 20 layers of neutral stearate, whereas 
without the addition of the neutral layers the removal would have been 
nearly complete in 1 or 2 minutes. 

The foregoing technique may be applied in several ways to study the 
permeability of protein monolayers to various organic substances. 

Method C: A protein film (A or B) may be applied to a prepared plate 
of acid stearate and if desired covered by 2 or 4 additional layers of acid stearate. 
Then the plate is immersed in benzene for definite time intervals, after each 
of which the color is observed. Petrolatum, the vapor of a volatile hydro- 
carbon or a benzene solution of an organic substance, is then applied to the 
plate and the color changes are noted. The advantage of covering the protein 
film by additional stearate layers is that a hydrocarbon liquid does not wet 
the film. Without such additional layers, the hydrocarbon wets the protein 
layer and forms such a thick layer of liquid that interference colors are not 
obtained. 

Method D: A protein film may be applied directly upon a skeleton film 
and the taking-up of hydrocarbons or other substances may be studied. 

In measurements made by Methods C and D with monolayers of egg al- 
bumin we have found that protein films are very much more impermeable 
(of the order of 100-fold) to benzene, stearic acid and the lower aliphatic hydro- 
carbons than are equally thick films of neutral barium stearate. Protein films 
applied under 30 dynes/cm are more impenetrable (of the order of 10-fold) 
than similar films applied under 15 dynes/cm. Protein films seem to be almost 
wholly impervious to petrolatum molecules, for a skeleton film PR,AR,, 
over which a petrolatum drop has been made to pass, undergoes no greater 
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change of color than would be expected from the hydrocarbon that enters 
the two upper layers R,. Without the A the color returns to that of the un- 
skeletonized film. 

Several observations on the rate removal of stearic acid by benzene have 
given indications that an A film is somewhat more impermeable than a B film. 


Effect of Surface Pressure on the Thickness 
of Protein Films 


The area covered by a film of egg albumin on water decreases to one half 
when the surface pressure is raised from 15 to 30 dynes/cm. The thickness 
observed with PR,,B, applied under 15 dynes pressure agrees well with the 
color of PR,,B, applied under 30 dynes/cm pressure. Thus the thickness 
of the two kinds of films transferred to the solid differs in the ratio 1.0 to 1.25, 
while on the water surface the ratio is 1 to 2. 

This difference suggests strong forces of adhesion act upon the protein 
film on the solid to hold it flat so that the spacing is determined by the C-C 
and C-N linkages. On the other hand, the presence of the many hydrophilic 
groups in the protein molecules enables the lower surface of the protein mono- 
films on water to become wavy and so get into better contact with water. This 
waviness would account for the marked compressibility on water and the 
relatively smaller compressibility when forced to lie flat on a solid surface. 

We have made some preliminary experiments to devise methods for study- 
ing protein films at the interface between water and hydrocarbon. A piece 
of egg albumin attached to a platinum wire was brought into contact with 
the interface between a lens of petrolatum and the underlying water. The 
lens was rapidly deformed in shape and in places made so thin that interference 
colors were obtained. The duplex films thus produced are remarkably stable, 
as there is no tendency for the petrolatum to peel back, leaving a monolayer 
of protein on the water. The method just described is apparently not suitable 
for the formation of a uniform duplex film. A substance such as egg albumin, 
however, can be introduced as a water solution under the petrolatum. As the 
spherical molecules come into contact with the film, they appear to unfold 
into monolayers at the interface. Duplex films produced in this or other ways 
should afford a useful way of studying interfacial protein films. The preli- 
minary observations show that such films are elastic solid of high compres- 
sibility, very much like protein films on water. With stearic acid, films at 
a water-air and an oil-water interface are very different, usually being condensed 
in the first case and gaseous in the second. 

Most of the experiments described in this paper have been carried ‘out 
with egg-albumin on distilled water brought to about pH 7 by the addition 
of a trace of ammonia. In some cases we have changed the pH to 3 and to 
10 but have not observed any marked differences in behavior. A few experi- 


Google 


8 Built-up Films of Proteins and Their Properties 


ments with pepsin and insulin have shown similar behavior. Undoubtedly 
by the application of these methods, quantitative differences will be found 
between the proteins which form monolayers on water. 

The addition of formaldehyde to the water under a protein film has been 
found to decrease greatly the compressibility of these films, presumably by 
forming new cross-linkages which prevent the waviness of the lower surface 
or hold the waves more nearly rigid. - 

The properties of proteins shown by our experiments seem to be in accord 
with the view that the protein monolayer is a two-dimensional network held 
together by strong elastic springs and are not in accord with a structure con- 
sisting of polypeptide chains. 


Go gle NIVERS CALIFORNI 


MULTILAYERS OF STEROLS AND THE ADSORPTION 
OF DIGITONIN BY DEPOSITED MONOLAYERS 


With V. J. ScHagFer and Harry Sosorka as co-authors 


Journal of the American Chemical Society 
Vol. LIX, No. 9, 1751, September (1937). 


IN A RECENT note! it was shown that digitonin is adsorbed as a visible film on 
a properly oriented monolayer of cholesterol deposited upon a substrate of 
barium stearate multilayers of critical thickness. To test the specificity of this 
reaction we have studied the adsorption of digitonin on some other sterols, 
We have also built up multilayers of these sterols to determine the thickness 
of each monolayer and other properties. 

Multilayers of Sterols.—The technique for making built-up films was 
similar to that which has been developed by Dr. Blodgett for barium stearate 
films.?:3 

The plates upon which the films were deposited were rectangular pieces 
of polished chromium-plated brass 1’ x 3’ (2.5 x 7.6 cm). The surface 
of the metal was covered with a thin layer of molten ferric stearate which 
was rubbed vigorously with a clean cloth while cooling. This gives a very 
uniform monolayer which we shall call the initial layer. 

We now select two areas on the plate, which we designate as blocks, to be 
used for two separate purposes. One of these, the sample block, is to contain 
one or more monolayers of the sterol as a “sample” for investigation. The 
monolayers are deposited upon a base consisting of a barium-copper stearate 
multilayer. The other block, which we shall call the reference block, is a barium- 
copper stearate multilayer to be used as a standard (24.2 A per layer) for meas- 
uring the thickness of the sample layers. Each block is built up until its thick- 
ness lies within a critical range giving a minimum in the intensity of reflected 
polarized light from a sodium vapor lamp at some angle of incidence ?, lying 
between 67-83°, at which angles the intensity of the reflected light is a very 
sensitive indicator of the thickness of the film. 

The critical thickness corresponding to the minimum at an observed angle 
of incidence can be determined, with a sensitivity of about 1.5 A, by making 


1 I, Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 59, 1406 (1937). 
+ K.B. Blodgett, ibid. 57, 1007 (1935). 
* K. B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 (1937). 

{9} 
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the film in steps (of about 2 monolayers) and finding the angle ¢ at which ad- 
jacent steps match in intensity. The thickness which corresponds to the mini- 
mum is the average of the thicknesses of the two steps. 

The stearate multilayers which we use for both the reference block and 
the base layers of the sample block are deposited on the plate as Y-films (one 
layer on the down trip and one on the up trip, the plate emerging dry, hydro- 
phobic) from monolayers of stearic acid spread on distilled water (from 
a quartz still) to which 10-* M barium acetate, 2 x 10-* M potassium bicar- 
bonate, and 2 x 10-* M cupric acetate have been added (pH 6.9). A surface 
pressure of F = 30 dynes cm is applied to the monolayer by a piston oil 
consisting of purified oleic acid. The sterol multilayers are built up on the 
base of the sample block from monolayers spread upon distilled water in equi- 
librium with the carbon dioxide of the air (pH 5.8) at F = 30. Other experi- 
ments have shown that the sterol monolayers are not sensitive to changes 
in pH. Using sodium light polarized with its electric vector perpendicular 
to the plane of incidence (R, ray), we find the critical thickness for the refer- 
ence block to be N, = 48 stearate layers (obtained by steps of 47 and 49 
layers, including the initial layer) at the angle i, given in Table I. This angle 
varies a few degrees for different plates because of differences in the polishing 
of the metal or the thickness of the rubbed-down initial layer of ferric stearate. 


Tasre I 
Optical Measurements of Multilayers of Sterols 
Oleic acid piston oil F = 30; Np = 48 








a AA.D., 


Substance lines. Nal Ng | i,deg.| t,, A | aso/as ams Al (sq. A) 











R 
3/0 





Cholesterol with 10-* MCu' 74 0} 66 | 74 17.35 | 0.94 | (0.99)| 35.9 38.3 





epi-Cholesterol 74.311) 49 | 71.3 | 17.72] 0.92 | 0.98 34.8 

Cholestanol 74.711} 49 | 73.0 | 17.86) 0.95 | 1.00 | 35.3 36.0 
epi-Cholestanol 74.5 |11| 51 | 79.3 | 17.65! 0.93 | 0.99 35.3 38.3 
Ergosterol 74.0 | 39/13 (X)| 78.45} 17.85] 0.86 35.5 36.0 
Calciferol 78.3 }11| 53 | 77.2 | 16.58) 0.78 39.4 41.5 














The sample block was usually made with a base of 11 stearate layers and 
the sample layers were built in steps (2-layer step interval) of 48 to 54 layers. 
The angle i, as given in Table I is the angle at which two adjacent steps match 
in intensity. 

The thickness t, of the sterol monolayers (in A) was then calculated by the 
equation‘ 

N,t, = 23.86 (Nz — Ny) + 2.92 x 107° N, (6% — 68) (1) 


“ The derivation of this equation together with a description of methods of studying mo- 
nolayers and multilayers will soon be published in J. Am. Chem. Soc. 
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where N, is the number of sample monolayers in the sample block (average 
of the two steps which match at angle i,); N, and N, are the number of mono- 
layers in the reference block and in the base layers of the sample block, respec- 
tively; 6, and 0, are respectively the complements of the angles i, and i, (ex- 
pressed in degrees). 

This equation is based on a thickness t; = 24.20 A, and an index, n, = 1.498 
for the stearate. These are values that Dr. Blodgett has determined recently 
for the type of reference film we have been using. It also assumes that the 
refractive index m, of the sterols (for sodium light) is 1.510, which is the value 
that Dr. Blodgett has recently found from careful measurements of chole- 
stanol multilayers. 

All of the sterols for which data are given in Table I, except cholesterol 
and ergosterol, can be built up rapidly and without difficulty as Y-multilayers 
upon a base of barium stearate. There is also no difficulty in depositing barium 
stearate Y-layers upon multilayers of these sterols. 

Monolayers of cholesterol and ergosterol, under the same conditions, do 
not give Y-multilayers. They can, however, be deposited, slowly and with 
some difficulty, as X-multilayers: a monolayer being deposited on each down 
trip, but none on the up trip. These layers (like Y-layers) are dry on emergence 
from the solution (hydrophobic). We were only able to build 14 layers of ergo- 
sterol or 26 layers of cholesterol (as X-layers) before deposition became irre- 
gular, as indicated by variations of contact angle of the water solution against 
the plate during the up trips. With ergosterol we were able to add a sufficient 
number of barium stearate layers to bring the sample block to the critical 
thickness. 

Cholesterol gave much more trouble, for it proved difficult to start building 
uniform layers on top of barium stearate or to deposit barium stearate on top 
of cholesterol layers. Rough preliminary measurements with 15 to 26 depos- 
ited X-layers, comparing with a barium stearate color gage by white light, 
showed that 16 layers of cholesterol produced a color change equal to that 
given by 12 layers of barium stearate. Such measurements gave t, = 17.4=0.4 A. 

The date for cholesterol in Table I were obtained by measurement of Y-multi- 
layers of cholesterol that were built up after adding 10-? M cupric chloride 
to the water. With this amount of copper there is no tendency to form X-layers. 
We were not able to get uniform deposition of these cholesterol Y-layers on 
barium stearate on Y-multilayers of cholesterol. By using as an initial layer 
a rubbed-down film of cholesterol we were able to build up 66 very uniform 
layers. 

Although adsorbed copper atoms evidently serve as a cement to hold the 
A- and B-layers of cholesterol together,? it is remarkable that these mono- 

* A-Monolayers are those deposited on down trips and B-monolayers these as up trips. 


This nomenclature was introduced in our study of protein multilayers, I. Langmuir, V. J. Schaefer 
and D. Wrinch, Science, 65, 76 (1937). 
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layers contain no measurable amount of adsorbed copper. The test for copper 
was made by skimming off the monolayer between barriers, transferring it 
to a plate of white porcelain, squeezing out the water, and melting the 
compacted skim at 150°. The cholesterol skimmed off a 10-* M cupric chloride 
solution after melting, was colorless and under a polarizing microscope showed 
the same type of doubly refracting, needle-like crystals as were given by 
cholesterol skims from pure water. The cholesterol was burned off at a red 
heat and left no ash visible undet a microscope. 

Similar tests with stearic acid showed that with more than 10-* M cupric 
chloride in the water the skims were distinctly green and left a black lava-like 
ash of copper oxide which gave the ferrocyanide test for copper after dissolving 
the ash in hydrochloric acid. All these tests for copper gave negative results 
with the cholesterol skim. 

We were not able to build satisfactory multilayers of cholestene 4,5-one. 
A monolayer on water would not withstand a pressure of F = 30. Using castor 
oil as piston oil (F = 15) multilayers could be built up, but these showed 
a great deal of light scattering and formed milky films that did not show sharp 
interference colors, but gave an irregular mother-of-pearl appearance. Evi- 
dently the monolayers fold and crumple during deposition. Even with tri- 
cresyl phosphate as piston oil (F = 9) the same difficulty occurs. 

The thickness ft, for a built-up film is not necessarily the same as that 
of the monolayer from which it is built. It is possible that in the process of trans- 
ferring the monolayer from the water to the plate the surface density o of the 
molecules undergoes a change. To detect such an effect we have made mea- 
surements of the area of the monolayer which is used up on the water when a plate 
is dipped a given number of times. A floating barrier, consisting of a circular 
waxed paper disk having a diameter only a few mm less than the width of the 
trough, was used to separate the sterol monolayer and the oleic acid piston oil. 
As a “plate” on which to deposit the multilayer we used a chromium-plated 
cylinder (1’’ (2.5 cm) diam.), with vertical axis, which was moved up and down 
through a definite distance. The displacement of the disk multiplied by the 
width of the trough gave the area of monolayer consumed. The vertical 
height of the portion of the cylinder coated by the deposited monolayer was 
measured after enough layers had been built up to be visible. This height 
multiplied by the perimeter of the cylinder and the number of one-way trips 
gave the area built up. The ratio of the area consumed to the area on the 
plate is called the deposition ratio R and may also be defined by 


R=o,/oy (2) 
where o, is the number of molecules per sq. cm in each monolayer on the 
solid and oy is the number per sq. cm in the monolayer on the water. The 


eighth column of the Table I gives the values of R obtained in three cases. 
Similar experiments with barium stearate films gave R = 0.99. 
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Forthe deposited monolayers we also have the relation 
oVs5 = is (3) 


where V, is the volume per molecule in the deposited film. Furthermore, 
on the water surface we have 


Oy = lfay (4) 
Where a, is the area per molecule at the pressure (F = 30) used during the 
deposition. Thus we obtain 


ay = RV,/ts (5) 

The area a for “cholesterol and other natural sterols” was found by Adam 
and Rosenheim to be 40.8 sq. A at F = 0 with a decrease to 40.2 at F = 20. 
We have made determinations (with the circular floating barrier) of the com- 
pressibility of the sterol monolayers by applying a series of piston oils giving 
F = 2,15 and 30. We find a linear decrease in area as F increases in this 
range but the compressibility is about three times that given by Adam and 
Rosenheim. The data in the seventh column of Table I give the ratio of the 
area at 30 and at 2 dynes cm. 

X-Ray data for the molecular dimensions of some sterols are given by 
Bernal and Crowfoot.” : 

For cholesterol, V; = 630 cu. A; c = 19.6 A; a = 117°; c sina = 17.46 A. 
This value of V, corresponds to a density of 1.011. 

For ergosterol V, = 640 cu. A; c = 19.6 A; a = 115°; ¢ sin a = 17.76 A. 

For calciferol, V; = 659 cu. A; c = 17,8 A; a = 95°; ¢ sin a = 17.76 A. 

It will be noticed that for cholesterol and ergosterol the basal plane spacings 
(c sin a) are very close to the values of t, we have found for these substances. 
This would indicate that the angle of tilt is the same in the built-up films as in 
the ordinary crystals. In the case of calciferol the value of c sin a is 7.1% greater 
than t,. To bring them into agreement the angle a would need to be 111° 
which is about the same as in the other two sterols. 

We may now calculate ay (at F = 30) as given in the ninth column of 
Table I, by equation (5) from the values of V, and R (we assume that the 
first four sterols have the same value of V,). 

The last column gives values of a (in sq. A), extrapolated to F = 30, from 
the data of Adam, Askew and Danielli.? 

A comparison shows that our values of ay vary much less than the A. A. D. 
values and average 5% lower. This may indicate that the molecular volume 
in the deposited films is higher than in crystals, perhaps because of hyd- 
ration. 


* N.K. Adam and O. Rosenheim, Proc. Roy. Soc. (London), A 126, 25 (1930), and B 150, 
422 (1930). 

7 J.D. Bernat and D. Crowfoot, Chem. and Ind. 54, 701 (1935). 

* N. K. Adam, F. A. Askew and J. F. Daniclli, Biochem. 7. 35, 1780 (1935). 
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Contact Angles of Liquids on Sterol Multilayers.—Drops of water, glycerol 
and petrolatum were placed on the horizontal plates covered by multilayers 
of sterols, and the contact angles were observed. 

Calciferol gave an angle of 41° with water and 70° with glycerol, but all 
the other sterols gave over 80° with both liquids. Petrolatum gave 21° with 
calciferol and angles from 49 to 60° with the others. The plates were then 
inclined until the drops moved across the plate. It was found that the calci- 
ferol under the drop had become hydrophilic (remained wet with either water 
or glycerol). The other sterols showed large differences between the advancing 
and receding angles with water, but much less with glycerol. The petrolatum 
dissolved the monolayers under the drops. 

Other portions of the monolayers were then dipped repeatedly into a clean 
water surface (10 round trips). A stearic acid film (but not a barium-copper 
stearate film) lost the equivalent of several stearate layers by such treatment. 
The epi-cholesterol and calciferol films lost the equivalent of about 4 stearate 
layers, but the other sterols showed only slight decreases in thickness. 

Adsorption of Digitonin upon a Deposited Monolayer of Sterol.—A plate is 
prepared having three steps of 45, 47, and 49 layers of barium copper stearate. 
The angle 1, is measured at which the match between the 47 and 49 layer 
is obtained. The sterol to be tested is spread on water and subjected to a pres- 
sure of 30 dynes cm—. The prepared plate is then lowered into water through 
the monolayer and then, while still immersed in water, it is lifted out from 
the tray by means of a dipper which consists of a small Pyrex beaker pro- 
vided with a long glass handle. A stream of distilled water pours into the dipper 
and is allowed to overflow and so remove the monolayer from the surface 
of the solution. An amount of digitonin is then added to the water in the dipper 
to give a 0.15% solution. This is stirred for one minute and the plate is withdrawn 
through a gentle stream of distilled water. The plate is dried, and then the 
angle i, is determined at which two steps match. Table II gives the results 


Tasre II 


Optical Measurements of Deposited A-Monolayers 
of Sterol with Adsorbed Digitonin 
Np = 48; Ns=1 














Substance | aa, . Ne | dew. isA | Character of surface Oplas 
Cholesterol 72.5 46 72.3 47 Hydrophilic 0.73 
epi-Cholesterol 70.25 48 76.3 28 Hydrophobic 0.25 
Cholestanol 70.6 46 70.8 49 Hydrophilic 0.78 
epi-Cholestanol 70.7 48 78.2 33 Hydrophobic 0.37 
Ergosterol 72.3 46 71.2 42 Hydrophilic 0.60 
Calciferol 70.65 48 72.2 8 Hydrophobic avs 

| ' 





Google coe 


Multilayers of Sterols and the Adsorption of Digitonin by Deposited Monolayers 15 


of the determination of the thickness f, of the A-layer of stero with the adsorbed 
film of digitonin. Calculation was made using equation (1) which assumes that 
n for the digitonin is the same as for the sterol. It is probable that n does 
not differ sufficiently from 1.51 to cause serious error. 

Blank experiments made without digitonin in the water showed that the 
A-layers of sterols which were deposited on the down trip did not generally 
come off during the up trip through a cleaned water surface. In this respect 
the sterols behave differently from stearic acid, for an A-film of stearic acid 
deposited upon a barium stearate film escapes completely onto the water surface 
when the plate is withdrawn from the water. The calciferol A-monolayer, 
however, was very largely lost on the up trip and the others showed (by 
monochromatic light at the critical angle) a somewhat streaked appearance 
and a loss of 2 or 3 A from the expected thickness of 18 A for the mono- 
layer. 

The data of Table II show that the epi-compounds adsorb very little digitonin 
as compared with the natural forms of the sterols. 

Cholesterol, cholestanol, and ergosterol give hydrophilic films which are 
completely wet when withdrawn from the water and as the water evaporates 
interference colors are shown, indicating that there is no finite contact angle 
between the water and the film. After drying they can be wetted again readily. 
epi-Cholesterol, epi-cholestanol, and calciferol, on the other hand, when with- 
drawn from water are only momentarily covered with a film of water which 
immediately peels away, showing a definite angle, soon leaving the slide dry 
without requiring evaporation of the water film. Drops of water placed on 
these films gave contact angles over 80°. The films are thus hydrophobic. 

Each of the hydrophilic films in Table II is much thicker than a sterol 
monolayer (18 A) proving a marked adsorption of digitonin. If we take Vp 
(assuming a density 1.4 and a molecular weight of 1229), the volume per 
molecule, to be 1450 cu. A for digitonin, we find by equation (3) o) = 
= 2.0 x10 molecules cm-* for the digitonin adsorbed on the cholesterol. 
For the sterols o, = 2.8 x 10* so that for each cholesterol molecule there 
is 0.72 molecule of digitonin. The last column of Table II contains these ratios 
for the other sterols. In the case of calciferol the monolayer was largely lost 
onto the water surface while withdrawing the plate from the water. 

We have also studied the adsorption of digitonin upon B-monolayers of 
cholestanol and epi-cholestanol. In this case we deposited two successive 
AB layers (two round trips) of the sterol upon a stepped base of barium stearate 
(43 to 49 layers) and then lowered the plate into water in a small beaker 
through a cleaned water surface. Digitonin was then added and after one 
minute was washed out. The results were not appreciably different from those 
obtained by adsorption on an A-monolayer of sterol. 

In the sterol monolayer on water the molecules must be oriented with 
their OH radicals (hydrophilic ends) in contact with the water. We should 
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therefore expect that the A-monolayer under water has its OH radicals outward 
— in a position to react with digitonin; but the OH of the B-monolayer is 
turned inward and should not react with digitonin. 

The fact that the A- and B-monolayers behave alike therefore indicates 
that the individual sterol molecules are being turned over continually (end 
for end) by thermal agitation. The relative members oriented in one or the 
other of two directions depend upon the difference of potential energy between 
the two positions in accord with the Boltzmann equation. The energy of adsorp- 
tion of the digitonin may thus cause nearly all the sterol molecules in the 
outside layer to become oriented with the OH radicals outward.° 

Another indication of this ready overturning of sterol films is the fact that 
the contact angles of water placed upon A- or B-monolayers are not noticeably 
different. 

We see by Table II that the sterol monolayers which become hydrophilic 
after immersion in a digitonin solution are those that show the largest thickness 
of adsorbed digitonin. These data, as well as those obtained with B-monolayers, 
show, however, that the epi-sterols, although they give hydrophobic films, 
adsorb almost half as much digitonin as the natural sterols. 

It is possible that a thorough washing of the film before drying would give 
a more striking contrast between the adsorption on the hydrophilic and on 
the hydrophobic surfaces. We have observed, however, that too vigorous 
washing can cause loss of part of the sterol monolayer. It is desirable to make 
a much more thorough study than we have yet made of the best technique 
for washing films on which there are adsorbed layers. 

The present evidence is that the epi-sterol monolayers do take up an ap- 
preciable amount of digitonin which probably results from a penetration 
of digitonin molecules between and even under the sterol molecules. 

Adsorption of Digitonin by Sterol Monolayers on Water—Schulman and 
Rideal!® have shown that when digitonin is injected under a monolayer of 
cholesterol on water at an initial pressure of F = 10 and the area is then kept 
constant, F increases to over 60, the film becomes solid and there is a change 
in surface potential. 

We have spread monolayers of several sterols on much more dilute solutions 
of digitonin and have noted the changes in area and surface rigidity. We have 
deposited the composite films on prepared plates and have measured the 
thickness and other properties. 

Cholesterol, cholestanol, and ergosterol (see Table III) when spread on 
digitonin solutions of 5 x10-5 M form such solid films that spreading occurs 
slowly and with difficulty. A small drop of ‘‘indicator oil” (oxidized petroleum 
oil that spreads to give visible films) applied to the surface tears the monolayer 

® We have recently found that aluminum or thorium salts can overturn the outer B-layer 


of barium stearate Y-films and make the surface hydrophilic. 
1° J. H. Schulman and E. K. Rideal, Proc. Roy. Soc. (London) 122, 29-45 (1935). 
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in jagged cracks, indicating rigidity and tensile strength. With the epi-com- 
pounds and with calciferol the monolayers form rapidly and without difficulty, 
giving liquid films of low viscosity. 











Tasiz III 
Monolayers of Sterols on Digitonin Solutions 
(5 x10 M) 
Contact 
Substance | Character of | N,t, A angle with 
film 
water 
Cholesterol Solid j 33 60 
epi-Cholesterol Liquid 54 > 9 
Cholestanol Solid 60 0 
epi-Cholestanol Liquid 59 83 
Ergosterol Solid 54 31 
Calciferol Liquid 46 > 90 





With a surface viscosimeter™ consisting of a floating disk one inch (2.54 cm) 
in diameter suspended from a tungsten wire attached to a torsion head we have 
measured the absolute surface viscosities 4; of monolayers of sterols on pure 
water and on a digitonin solution (5 x 10-* M). On pure water all the sterols 
gave us, less than 0.002 g sec, which was about the lower limit of sensitivity 
of the viscosimeter. On the digitonin solution viscosities of 0.010 and 0.006 
gsec-! were obtained for monolayers of epi-cholesterol and epi-cholestan 0 
under a pressure of F = 15. The monolayers of cholesterol and cholestanol 
on the solution gave a viscosity of more than 1.0 within one minute. After 
five minutes on the surface these films became so rigid that the deflection of 
the disk produced by one complete turn of the torsion head was less than 
0.1°. The fact that the deflection did not increase perceptibly in one minute 
shows that the surface viscosity had risen to values greater than 2000 g sec! — 
an increase of a million-fold over that observed without digitonin. 

The absolute surface elasticity E, (for shearing stress) was greater than 
500 g sec. 

The viscosity, elasticity, and maximum shearing stress of films should 
give quantitative measures of the number and strengths of the cross linkages 
between molecules in the monolayers. For example, if each digitonin molecule 
were to combine with a single sterol molecule the digitonin would be strongly 
adsorbed; but we should expect no marked increase in viscosity, nor would 
the film show rigidity or elasticity. The rigid films of the digitonides of the 
normal sterols thus prove that each digitonin molecule can become firmly 
attached to at least two sterol molecules and that each sterol molecule can be 
attached to at least two digitonin molecules. A quantitative, experimental and 


41 J. Langmuir, Science 84, 379 (1936). 


2 Langmuir Memorial Volume VII 
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theoretical study of the mechanical properties of such monolayers will probably 
give very detailed knowledge of the nature of the interaction between molecules. 

A very sensitive test for the adsorption of digitonin by a sterol monolayer 
on a solution is to skim off the monolayer, transfer it to a glass slide, and 
observe it with a polarizing microscope after heating to various temperatures. 

The skim from a sterol monolayer on pure water has a sharp melting point 
and shows characteristic doubly refracting crystals (except calciferol which 
shows no double refraction). The skims obtained from monolayers spread 
on 10-* M digitonin solution show no double refraction and no definite melting 
point. Above, 250° they show the charring characteristic of sugars. These 
tests showed that the monolayers of both the natural and the epi-sterols adsorb 
digitonin. 

We have found that it is possible to deposit the composite sterol digitonide 
films on prepared plates. For example, on a down trip and AD film is de- 
posited giving PRAD, where D represents digitonin. To remove the plate 
from the solution without the deposition of another layer the monolayer on 
the water must be scraped off before the up trip. If the surface is not scraped, 
the up trip results in the formation of a hydrous film which may be represented 
by PRADWDB, W being a layer of water of a thickness of several microns 
(far too thick to give interference colors with white light). 

If another down trip is made before the film is dried, the DB layer returns 
to the water surface. If, however, the film is dried (dehydrated) at room tem- 
perature so as to produce a ‘‘dehydrous film” (PRADDB) a second AD layer 
is deposited on top of the DB film during the next down trip. Repetition of 
this process, drying after each up trip, permits the building up of multilayers. 
In these respects the sterol-digitonide monolayers resemble monolayers of 
proteins.® 

From the 5 x10-§ M digitonin solution ADDB layers were deposited on 
prepared plates and gave for the total thickness the values in the third column 
of Table III. With cholesterol the digitonide was so rigid that it was only 
possible to deposit the ADDB layer by cutting the monolayer away from the 
sides of the trough. The thickness is about the same for the different sterols 
and is only about 50% greater than that of two sterol monolayers. Since the 
amount of expansion was not measured in these experiments, the digitonin- 
sterol ratio cannot be calculated. 

The ADDB layers were markedly different in their contact angles and 
stability toward water. The sterols which gave solid monolayers had low contact 
angles with water, but those that gave liquid films showed large angles. Dipping 
the plates in water caused a loss of nearly all of the ADDB film of the epi- 
compounds, but produced no change in the other films. 

It thus appears that the monolayers of all the compounds take up digitonin, 
largely between the sterol molecules, but those that form solid films hold 
the adsorbed digitonin tenaciously and are stabilized by it, while the others 
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lose their digitonin and are thus easily disintegrated by being raised through 
a water surface. 

With a solution as concentrated as 5 x10-® M a very appreciable amount 
of digitonin may be held in solution in the water layer W of the hydrous film 
ADWDB and when this is dried it may leave a residue of a thickness of several 
A. For this reason and also to avoid the difficulty due to the great rigidity of 
the films of the digitonides of the natural sterols, some experiments were made 
with a solution of 10-5 M. On this solution monolayers of cholestanol increased 
in area for about fifteen minutes, reaching a final area per cholestanol molecule 
of a= 68 sq. A at F = 20 (using a surface balance instead of piston oil). 
The epi-cholestanol spread about 6 times more rapidly and in four minutes 
reached a limiting value of 74 sq. A at F = 20. 

We then deposited an AD layer which had been on a 10-* M digitonin solu- 
tion for twenty minutes on a prepared plate and obtained a total thickness 
of 40 A with cholestanol and 39 A with epi-cholestanol. From these data, 
by the equation 

o,Vy+o,V, =t 


we calculated o, and got, for the ratio o)/os, 1.5 for cholestanol and 1.6 for 
epi-cholestanol. The film of the latter was very unstable and in places had 
lost some of its thickness in being taken out of the solution. 

In interpreting these high values of o/c, it must be kept in mind that 
digitonin is strongly adsorbed on a water surface even when no sterol monolayer 
is present. Within a few minutes a 10-5 M solution becomes covered by a digi- 
tonin monolayer which does not easily go into solution when subjected to 
pressure. The attempt was made to deposit such films onto a prepared plate. 
Variable results were obtained (using castor oil as piston oil) giving thicknesses 
of 4 to 12 A for an AB layer. The castor oil piston oil, however, is not satis- 
factory as it is made solid by the digitonin. 

With a still more dilute solution of digitonin, 2 x10-* M, the area of a cho- 
lestanol monolayer increased much more slowly so that after twenty-one 
minutes a was only 58 sq. A and was still increasing. An ADDB film was 
deposited and was found to have a total thickness of only 38 A which is less 
than that of the AD film of the previous experiment. The ratio o/c, is only 
0.62. 

In order to obtain further insight into the nature of the forces between 
sterols and digitonin, we have attempted to build other types of multilayers 
of digitonides. A PRAD film, prepared as previously described, was dried 
and was then lowered into a digitonin solution covered by a sterol monolayer 
to see if a PRADAD film could be formed. Because of the hydrophilic D -layer 
the solution ran up on the plate during the down trip, giving a RPADWDA 
from which the DA layer returned to the water surface against 30 dynes cm7? 
pressure. The up trip followed by drying gave the usual PRADDB film. 
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We then lowered a PRAD film into pure water covered by a sterol film in 
‘an attempt to get a PRADA film. We found, however, that no film was de- 
posited on the down trip. The following up trip gave PRADWB and after 
drying gave PRADB which showed an increase of thickness of 18 A over 
the original PRAD film. We then lowered the PRADB film into clean water 
with the intention of adding digitonin to the water and so to form a PRADBD 
film, but we were unable to do this since the B-layer escaped onto the water 
surface. 

In these experiments we found no differences in behavior between the 
natural and the epi-sterols. 

We may therefore conclude that the digitonin molecules, although they 
can form cross-links between natural sterol molecules in a monolayer, cannot 
serve as links between two separate sterol monolayers. This suggests that 
the points of attachment to sterol all lie on one side of the digitonin molecule, 
The digitonin molecules in an AD layer exert a far greater attraction for other 
oriented digitonin molecules (in an overlying DB layer) than they do for 
a sterol layer (as in an AD-B film). This is indicated by the fact that water 
breaks the linkages between AD and B but, not between AD and DB. 

The adsorption of digitonin on deposited monolayers of various sterols 
not only illustrates the specificity of the adsorptive forces but also confirms 
some of our views of the structure of sterols. The specificity of the adsorption 
of digitonin on deposited layers of natural sterols parallels the affinity between 
those sterols and digitonin as revealed by the formation of insoluble digitonides. 
Cholesterol, cholestanol and ergosterol are known to form digitonides in bulk 
in dilute alcohol; i.e., by bringing together an aqueous solution of digitonin 
with an alcoholic solution of the sterol, whereas epi-cholesterol, ept-cholestanol, 
and calciferol do not. This characteristic property is duplicated, in the ad- 
sorption experiments. The structural difference between the natural sterols 
and the epi-sterols is due to inversion of the substituents on carbon atom 3. 
For a number of reasons one assumes that the hydroxyl group on carbon 
atom 3 points above the median plane of the carbon skeleton in the natural 
sterols and below in the epi-sterols, under the assumption that the angular 
methyl group on carbon atom 10 is oriented upward.¥# 

Although cases are known in which digitonin precipitability depends on 
other criteria, e.g., on the steric constellation on carbon atom 17, the relative 
position of the hydroxyl on carbon atom 3 is a valuable guide in most instances 
and may be correlated to the shape of the molecule as a whole. According to 
the t, values given above, the molecule of most sterols in the deposited 
monolayers is slanted at angles identical with those in the corresponding 
ordinary (three-dimensional) crystals. 

The hydroxyl group at the end of an epi-sterol molecule forms an angle 
with the interface entirely different from the angle in a natural sterol, because 


42H. Sobotka, Chemistry of Sterids, Chapter 1V Williams and Wilkins, Baltimore, in press. 


Google 


Multilayers of Sterols and the Adsorption of Digitonin by Deposited Monolayers 21 


of the difference in position in reference to the median plane of the molecule. 
Let us assume that the natural sterols carry the hydroxyl group ‘‘approxi- 
mately in line with the axis of the molecule,” whereas in the epi-derivatives it 
is ‘‘almost at right angles to the molecule.” The directions of the two valences 
in reference to the interface differ from each other approximately by the 
“*tetrahedral” angle of 109°, under the assumption that the tilt of the molecule 
remains essentially the same. 

Although the nature of the valence which joins digitonin and sterols is not 
well known, the above results indicate that digitonin is readily adsorbed onto 
a sterol monolayer from which hydroxyl groups protrude at a steep angle into 
the water phase. The number of the adsorbed molecules seems to approach 
the molecular ratio 1:1, but the observations on mechanical properties suggest 
that the adsorbed molecules are not definitely correlated or assigned to 
individual molecules of sterol in the deposited monolayer. 

Much less digitonin is adsorbed on deposited A-layers of epi-sterols in which 
the hydroxyl group is assumed in a position about parallel to the interface. 

The experiments on adsorption of digitonin by sterol monolayers on water 
are complicated by the ‘‘penetration” effect. As the amount of expansion, 
indicative of this effect, was not measured in those cases in which the thick- 
ness could be subsequently evaluated, one cannot yet appraise the possible 
change of orientation of the sterol due to interspersion of digitonin. How- 
ever, the results indicate that the high specificity resulting in striking differences 
between deposited monolayers of digitonide forming sterols and epi-sterols 
is obscured, in the case of monolayers on water, by penetration. Yet the affinity 
of the natural sterols for digitonin, the greater insolubility of their digitonides 
(and the resulting tendency toward regular alignment) is reflected by the solid 
character of the film and by the observed stability on passing through a clean 
water surface. The slower course of penetration by digitonin and the obser- 
vation of smaller contact angles with water seem to indicate that the affinity 
of digitonin for the natural sterols even checks the penetration of the highly 
surface active saponin toward the surface and perhaps keeps the carbohydrate 
portion of the molecule on the digitonide-water interface. The adsorption 
of molecules with such extremely hydrophilic groupings as the numerous 
hydroxyls of hexose residues onto deposited films by the present method 
offers new and interesting aspects. The possible ‘‘intertwining” action of 
these hydrophilic portions may account for the unexpectedly low t, of ADDB 
layers and for the great tensile strength of such layers. 

Calciferol, in which ring II of the cyclopentano-phenanthrene skeleton is 
disrupted, forms monolayers slightly thinner than the isomeric ergosterol. 
The failure of calciferol to combine with digitonin or to adsorb it on deposited 
layers may be due either to modification of the nucleus, or, as in the epi-sterol, 
to a suspected epimerization on carbon atom 3 during the first stages of the 
irradiation of ergosterol. 
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We are indebted for various specimens to Dr. Erwin Schwenk, Schering 
Corporation of America, Dr. R. E. Marker of Pennsylvania State College, 
and Dr. Arthur Knudson of the Albany Medical College. The sterols gave 
satisfactory tests for purity; only the sample of epi-cholesterol contained 
traces of cholesterol. Calciferol, not a sterol in the strict sense, but used as 
a control substance, was a crystalline fresh sample of commerical origin. 


Summary 

Monolayers of several sterols, cholesterol, cholestanol and the corresponding 
epi-sterols ergosterol and calciferol can be built up as multilayers on chromium 
plates. The thickness per monolayer (16.6 to 17.9 A) is about the same as is 
found by X-ray analysis for 3-dimensional crystals. 

Digitonin is adsorbed as a visible film (up to 30 A thickness) from a 10-* M 
solution upon monolayers of cholesterol, cholestanol and ergosterol, but only 
slightly upon monolayers of the epi-sterols or calciferol. The specificity of 
this adsorption parallels the digitonin precipitability of these sterols. 

Digitonin from a substrate solution penetrates between sterol molecules 
in a monolayer on the surface and causes an expansion to about double area 
even against a pressure of 30 dynes cm. The ept-sterols give liquid films 
which expand rapidly, while the normal sterols give very rigid films which 
expand slowly. These composite (digitonide) monolayers can be transferred 
as double layers to a prepared plate giving a total thickness of about 60 A. 
The films from the epi-sterols are far more unstable than those of the normal 
sterols and are hydrophobic, while the latter are hydrophilic. 
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IMPROVED METHODS OF CONDITIONING SURFACES 
FOR ADSORPTION 


With Vincent J. ScHAEFER as co-author 


Journal of the American Chemical Society 
Vol. LIX, No. 9, 1762, September (1937). 


IN A PREVIOUS communication’ a method was described for conditioning the 
surface of a built-up barium stearate film so that visible adsorbed monolayers 
of organic and inorganic substances could be taken up from solution. 

We now find that thorium nitrate can be used as well as aluminium chloride 
and that a barium stearate Y-multilayer can be conditioned by immersion into 
a 1 X10-* molar aqueous solution of either salt. The fact that a B-layer can be 
conditioned in this manner is evidence of the overturning of barium stearate 
molecules. Such a surface when conditioned is hydrophilic but when dried 
becomes hydrophobic. 

When sodium silicate is added to a hydrous multilayer conditioned with 
thorium and then washed and dried, an increment of 10 A is observed. This 
surface after drying is hydrophilic and oleophilic. Successive layers of thorium 
and silicate may be added, five alternate layers of each giving a thickness of 
about 52 A. 

A film of pure stearic acid covered by five such layers retains 60% of its 
thickness after soaking in benzene for ten minutes although it instantly dis- 
solves in its normal state. This coating also provides complete protection 
from water injury. 

When a barium stearate film is conditioned with aluminium, its thickness 
increases 3.2 A. If some sodium silicate is placed on the wet surface it causes 
the water to peel back suddenly and removes not only the aluminium but 
also 8 A of the underlying film. This loss is the equivalent of one-third of the 
molecules in a monolayer and possibly measures those which turned around. 
When the aluminium conditioning is followed by thorium conditioning, the 
peeling back does not occur upon the addition of the silicate, although the 
increment is removed with no injury to the underlying film. 

Better adsorption of protein from solution is found when thorium is used 
instead of aluminium. Using a 1% solution of egg albumin in water the thickness 
on thorium was 48 A, on aluminium 33 A, and on thorium silicate 35 A. 


1 I. Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 59, 1406 (1937). 
[23] 
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The use of a small 60-cycle solenoid vibrator replaces manual stirring and 
greatly facilitates uniform monolayer adsorption. 

A monolayer of desoxycholate may be applied by bringing sodium desoxy- 
cholate in contact with a hydrous thorium conditioned surface. When washed 
the increase due to desoxycholate is 17 A. The resulting dehydrated surface is 
hydrophobic and highly oleophilic. 

When vapors of decane and tetradecane were brought into contact with 
this surface an increase of 3.3 A was observed which disappeared, however, 
within five minutes. This increment would indicate a lengthwise adsorption 
independent of length of chain. 

The ability of a thorium nitrate or aluminium chloride solution to condition 
the surface of a multilayer depends upon the composition of the built-up 
film. A mixed barium stearate-stearic acid film containing 50% or more of 
stearate is conditioned more readily than a film of pure stearic acid. Films 
of copper stearate from water containing 1 x10-5 M copper chloride or a barium 
stearate layer covered by an A-X monolayer of oleic acid do not react at all 
with either the thorium or aluminum solution. 
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MONOLAYERS AND MULTILAYERS OF CHLOROPHYLL 


With Vincent J. ScHAEFER as co-author 
Journal of the American Chemical Society 
Vol. LIX, No. 10, 2075, October (1937). 


Monotayers of chlorophyll! spread on a water surface from a benzene solution 
may be deposited in successive layers on a solid plate to form multilayers. 

A benzene solution of chlorophyll illuminated by blue light shows red 
fluorescence. During the spreading of a drop of the solution on a water 
surface fluorescence disappears as soon as the benzene has evaporated. 

Chlorophyll monolayers on water behave as two-dimensional liquids until 
subjected to a pressure of more than 20 dynes cm=1, when they become quite 
viscous. The pH of the water has apparently no effect on the viscosity below 
this pressure. 

The absolute viscosities? of chlorophyll monolayers under various con- 
ditions are shown in Table I. 


Taste I 


Absolute Surface Viscosity of Chlorophyll 
Monolayers on Water 








pH F us 
5.8 1.5 0.001 
5.8 5 0.001 
5.8 7 0.001 
5.8 16 0.305 
3.0 9 0.002 
5.8 9 0.002 
10.0 9 0.002 
3.0 30 0.242 
5.8 30 78 
10.0 30 40.7 











Excellent multilayers (up to 600 layers) are easily built up as Y-films on 
glass or chromium, using a piston oil of tricresyl phosphate (F = 9 dynes 
cm-') on distilled water. Built-up films of this type when measured by sodium 


1 Made by Dr. A. Stoll of Basel and obtained from Dr. J. Franck of the Physics De- 
partment of Johns Hopkins University. 
2 Irving Langmuir and Vincent J. Schaefer, ¥. Am. Chem. Soc. not yet published. 
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light? give a thickness of 14.2 A using the value of the refractive index 
1.64 as determined by Dr. Katharine B. Blodgett of this Laboratory. When 
higher piston oil pressures were used the monolayer was found to be easily 
compressible with F = 16. A-B hydrous films are formed with water sepa- 
rating the A- and B-monolayers, the thickness of the double layer being about 
35 A. When F = 30 the double layer shows a thickness of 59 A at pH 3.0 
and 5.8 and 68 A at pH 10.0. By drying the successive layers, dehydrous 
multilayers can be built up. 

A chlorophyll Y-multilayer is non-wetable by water, giving a contact angle 
of 80°, but is wetable and soluble in hydrocarbons such as hexadecane which 
becomes fluorescent when placed on the built-up film. A single layer of 
chlorophyll molecules will produce fluorescence in a drop of benzene placed 
in contact with it. 

Monolayers of chlorophyll may be deposited on top of barium stearate 
multilayers as PRA, PRB or PRAB films. The A-monolayer and the B-monolayer 
both give a contact angle of 90° against water and the drop will flow over the 
surface when the slide is tilted about 25°. A PRAB film, however, shows 
a contact angle of only 70° with very great hysteresis when the slide is tilted. 

Chlorophyll Y-films of thicknesses ranging from one to 600 layers were 
examined with a beam of blue light. No detection of fluorescence could be 
observed in any instance involving a built-up film. When a small amount 
of chlorophyll was dissolved in Petrolatum and a drop placed on a clean water 
surface, it showed distinct fluorescence but the small area to which the drop 
spread indicated that little of the chlorophyll had become adsorbed at the 
interface between the oil and the water. When enough was added to the oil 
to cause it to spread to a monolayer the fluorescence disappeared. 

A minute amount of chlorophyll added to molten paraffin exhibits strong 
fluorescence. This property instantly disappeared upon the solidification 
of the paraffin. Chlorophyll mixed with heptadecanol and hexadecane and 
spread as monolayers on water or transferred to solids shows no fluorescence. 

A monolayer of chlorophyll deposited on a substrate of pure barium stearate 
or egg albumin when immersed into benzene is completely dissolved, indicating 
the absence of strong adsorption forces between the substrate and the chloro- 
phyll. 

The absence of chlorophyll fluorescence when spread as a homogeneous 
or dispersed monolayer on water or when deposited as homogeneous or dis- 
persed single or multi-layers on solids indicates that the fluorescent property 
of chlorophyll involves more than dispersion alone. 


* Katharine B. Blodgett and Irving Langmuir, Phys. Rev. 51, 964 (1937). 
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THE ADSORPTION OF PROTEINS AT OIL-WATER 
INTERFACES AND ARTIFICIAL PROTEIN-LIPOID 
MEMBRANES 


With D. F. Waucu as co-author 


Journal of General Physiology 
Vol. XXI, No. 6, 745, July (1938). 


Emutsions of oil in water can theoretically be thermodynamically stable only 
if the interfacial surface tension y between the two phases is zero. This follows 
from the fact that the pressure in a droplet of radius r exceeds that in the sur- 
rounding liquid by an amount 

Ap = 2y/r. (1) 
‘When two drops coalesce the pressure within the drops decreases and there 
is a decrease in free energy. 

If a liquid is heated to its critical temperature y vanishes when its separate 
phases disappear. Similarly if phenol and water are mixed and heated to 
the critical solution temperature the two liquids become miscible when y = 0. 
These considerations would seem to indicate that all emulsions must be inher- 
ently unstable or metastable since on the one hand stability requires y = 0 
and on the other hand y = 0 requires that there shall be only one phase. 

Closer examination, however, shows that even when y = 0, droplets may 
be stable and there may be no tendency for the separate phases to disappear. 

If an insoluble non-volatile substance is spread as a monolayer at an air- 
water interface of surface area S, the lowering of surface tension may be 
looked upon as being due to a spreading force F exerted by the adsorbed 
molecules as the two dimensional analog of a pressure. Here F is defined by 

F=y—y (2) 
where yo is the surface tension of the pure solvent and y is that of the surface 
covered by the monolayer. 

In general F depends upon a, the number of molecules/cm*, in the mono- 
layer and upon the temperature. The relation connecting these three quantities 
may be called an equation of state, and is the two dimensional analog to 
the equation which relates the pressure with the density and temperature 
of a gas. 

If the free surface S is altered, as by moving a barrier, the total number 
of adsorbed molecules So remains constant. Thus for insoluble adsorbed 


(27) 
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substances F depends on S in a manner that can be calculated from the 
equation of state: In general F increases rapidly as S decreases. 

A substance which lowers the surface tension of water but is appreciably 
soluble in water also forms an adsorbed film on the surface, and F is still 
related to o and T by an equation of state. But now if the free area S 
is decreased So does not remain constant, for some of the adsorbed molecules 
can go into solution. The relation between the properties of the adsorbed 
film and the concentration c of the dissolved substance in the solution is 
given by Gibbs’ equation 

dF/d\nc = okT. (3) 

By combining this with the equation of state so as to eliminate F it is 
possible by integration to obtain an ‘‘adsorption isotherm” which gives o 
in terms of c and 7. On the other hand, if we eliminate o we obtain an 
equation which we may call the ‘‘force-isotherm” that expresses F as a func- 
tion of c and T. 

With a solubility as great as one part per million, the amount of solute 
in the water phase is usually far greater than the amount adsorbed and there- 
fore if S is changed c does not change appreciably and F remains constant. 
Thus even a slight solubility may have a profound effect on the relation be- 
tween F and S. 

Consider a droplet of oil in water containing a soluble substance which 
tends to be adsorbed at the oil-water interface. Thus o in equation (3) is 
positive and F increases (y decreases) as ¢ increases. In some cases it may 
be possible to increase ¢ to a point where y = 0. Then no work is required 
to break a droplet into small ones. The total interfacial area is increased by 
subdivision of the drops but y remains zero since new adsorbed substance at 
the interface can be taken up from solution. 

Let us now take the case in which the substance adsorbed at the surface 
of the oil drops is insoluble in both the water and the oil. Consider a single 
droplet that has N molecules adsorbed on its surface S, so that 

o=N/S. (4) 
With a sufficiently large value of N it is possible that F may be so great 
as to make y = 0, which will occur if F = yp. 

It is now no longer necessary that the two phases should disappear. Consider, 
for example, a droplet of spherical form for which y = 0. If the drop becomes 
distorted its area increases, and therefore o and F decrease and y becomes 
positive. Any distortion of the drop from the spherical form brings into existence 
a force which causes the drop to return to spherical form. 

If the amount of adsorbed substance is increased beyond that needed to 
make F = yo, or y = 0, for the spherical drop, the drop will automatically 
increase its surface by assuming some non-spherical form, but y remains 
zero. 
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According to this theory it seems possible to explain the existence of stable 
oil-water emulsions having an insoluble emulsifying agent adsorbed on the 
surfaces of the drops which have zero surface tension. 


Protein Monolayers on Water 


Henri Devaux in 1903 found that egg albumin forms insoluble monolayers 
at an air-water interface. In a recent paper’ he described experiments to 
measure the degree of insolubility. Egg albumin monolayers formed either 
by spreading from a solid fragment of the substance or from dilute solutions 
can be reversibly compressed to one-half area. 

Since this protein is normally soluble in water, one would expect from 
equation (3) that the solubility would be enormously increased by compres- 
sing the film. For example, let us consider a protein monolayer at F = 0 
having an area of 1.0 sq. meter per mg and assume a molecular weight of 
35,000. This gives o = 1.7 x10 molecules/cm?, and equation (3) at 20°C 
gives dlnc = 220 dF. A compression of the film from F=0 to F= 15 
should thus increase the solubility by a factor of 10%. 

Actually, however, the monolayer at all pressures seems to be wholly in- 
soluble. In fact, the process by which soluble egg albumin spontaneously 
spreads to form a monolayer on the surface appears to be irreversible. Devaux 
showed that, after compression of the monolayer to about one-fifth of its 
area, the area returns nearly to its original value when the force is removed. 
With a compression to less than one-fifth area, there is a gradual loss of 
the power to expand completely and one can then observe minute folds in 
the film which become more pronounced the greater the degree of compression. 
However, even if the film is compressed to one-twelfth area or less there 
is no evidence of any solution in the underlying water. By crumpling the film 
into a very narrow strip it can be lifted off as a thread or fiber by means 
of a platinum wire. If this is placed, either wet or after drying, upon a fresh 
surface of water dusted with talc it is seen that there is no tendency whatever 
for this substance to spread. 

Experiments by Mr. Schaefer in this laboratory with egg albumin, pepsin, 
insulin, and other proteins have confirmed this complete insolubility of protein 
monolayers. 

Devaux,? with very dilute aqueous solutions of egg albumin in a tray 2 
or 3 mm deep, found that at concentrations greater than 10-7 parts by weight 
a monolayer is gradually formed which is thicker than that which corresponds 
to F = 0. The diffusion of the protein to the surface at these low concentra- 
tions is very slow, so that in each experiment the solution was allowed to stand 


1 Devaux, H., Compt. rend. Acad. sc., 1935, 201, 109. 
2 Devaux, H., Compt. rend. Acad. sc., 1935, 200, 1560. 
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for 24 hours before the monolayer was tested. A definite portion of the 
monolayer between two barriers was then allowed to expand by moving these 
barriers apart, until the force F fell to zero as indicated by the action of 
talc when blown upon lightly. It was found that the higher the concentra- 
tion of the solution the greater the expansion ratio. Multiplying this ratio 
by 11 A, the thickness of the monolayer at F = 0, Devaux obtained the values 
given in the second column of Table 1. With solutions more concentrated than 
10-* it was necessary to replace the protein solution under the film by pure 
water in order to avoid the diffusion of a new supply of protein to the 
surface during the expansion of the film. 

If we take Philippi’s value of 1.15 sq. m/mg for an egg albumin monolayer 
at F = 0 and use the ratio of expansion as found by Devaux, we obtain the 
data in the third column. 

The data in the last column are the approximate values of F nee ded to 
compress egg albumin monolayers to the various thicknesses given in column 2. 
These are rough determinations by Mr. Schaefer made with a commercial 
grade of egg albumin. 

It is evident that although the reaction between a protein solution and 
a monolayer is irreversible the pressure F builds up in 24 hours to a value 
that varies with the concentration of the underlying solution. A kind of 
pseudoequilibrium results. 


Tape I 


The Formation of Monolayers on Egg Albumin Solutions 











‘ | 
Psa Film scenes | m*/mg F 
parts by weight 
10-2 46 1 0.28 33 
10-* 30 : 0.42 29 
10-¢ 24 \ 0.53 25 
10-« 20 0.63 22 
5x10-7 17 | 0.75 18 
4x10-# 13 | 0.97 4 
po 11 | 1.15 0 











The rate change of F with log c, as given in Table I, corresponds to a value 
of ¢ = 4x10" molccules/cm? according to equation (3), in the range of ¢ 
from 10-? to 10-*. Combining this with the data in the third column, we 
find that the variation of F is as great as if the molecular weight of the proteins 
ranged from 2000 to 5000 However, since equation (3) is derived from thermo- 
dynamic principles, there is no reason to expect it to be applicable to the 
irreversible phenomena of Table I; so the foregoing calculation is of doubtful 
significance. 


Google Peers esti 


The Adsorption of Proteins 3t 


Protein Monolayers at Oil-Water Interfaces 


The property of proteins of forming insoluble monolayers should make 
these substances particularly suitable for testing our hypothesis that stable 
emulsions can be formed containing droplets having zero surface tensions. 

A third paper by Devaux? describes experiments which have an intimate 
bearing on this problem. He took a solution of 10-* parts by weight of egg 
albumin in water in a flask, added some pure benzene, and shook it. With this 
concentration of protein the droplets of benzene rise, join with one another, 
and form a separate phase floating on the water. The protein is adsorbed 
at the interface. If the amount of protein is sufficiently small in relation to 
the area of the interface, the interfacial surface appears clear and brilliant. 
By increasing the amount of protein or decreasing the area of the interface, 
the surface becomes suddenly dull and cloudy, and when agitated the cloudi- 
ness varies irregularly over the surface. Devaux determined the amount of 
protein necessary to produce this peculiar appearance, and concluded that the 
amount needed is just sufficient to cover the interface with a monolayer of 
from 9 to 22 A thickness, depending upon the pH of the solution. The cloudy 
appearance of the surface when the amount of protein exceeded a definite 
limit is due to the presence of minute folds of the protein membrane in the 
interface. The presence of folds at the interface should occur when y = 0 
or when F= 7°. 

We have repeated these experiments of Devaux, using a long tube about 
25 cm long and 3 cm in diameter. This tube is filled about one-third with 
protein solution and about one-quarter with benzene. After shaking, the tube 
is held in a horizontal position until the phases separate. By tilting the 
tube gradually toward the vertical position, the interfacial area can be decreased 
progressively until at a critical angle the cloudy appearance described by 
Devaux appears. We have also tried the Devaux experiment using light 
mineral oil and water and obtained substantially the same results. 

With higher concentrations, such as 10-*, the droplets of benzene do not 
readily join together. They obviously have a very low surface tension, and 
a few drops are often seen which are drawn out into sharp points with a cloudy 
membrane over their surface, just as would be expected if the interfacial tension 
were zero. However, even with concentrations of protein considerably above 
the critical value most of the droplets seem to have definitely a positive 
surface tension. 

Since y, for benzene-water is about 35 dynes/cm, the adsorbed protein 
film at the interface must be very highly compressed, and it seemed possible 
that at such high pressures irreversible changes occur like those observed 
at air-water interfaces causing F to decrease gradually below y9. It would 
therefore seem better to use a pair of liquids that have a lower interfacial 
tension than water-benzene. 
~~? Devaux, H., Compt, rend. Acad. sc., 1936, 202, 1957. 
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Protein Membranes 

For many biological problems it would be desirable to have one or two 
monolayers of protein forming a membrane between two aqueous phases. 
Such a membrane may be expected to have some of the properties of a cell 
surface. It would be interesting to study its electrical properties and its per- 
meability for various substances. 

Mr. Schaefer and one of us, some months ago, made preliminary experi- 
ments in the effort to obtain such membranes. We found that a platinum 
wire loop (8 mm diameter) or a plate perforated by small holes, when lifted 
up through water on which there is a monolayer of egg albumin subjected 
to a pressure of 30 dynes/cm or more, retained a film like that from a soap 
solution. These films could frequently by dried in air without rupture. 
They were very difficult to see, for they reflected practically no light, as their 
thickness was far less than the wave length of light. Under the microscope 
with dark field illumination they became visible when punctured, for light 
was scattered from the edges of the hole in the protein film. Films of this 
kind in air do not seem to meet the needs of the biologist. We were not 
able to immerse such films in water without rupturing them. 

Attempts to lower a platinum loop or perforated plate into water covered 
with a protein monolayer seemed in some cases to give membranes, but 
they were so fragile that the method did not seem promising. 

We have recently attempted to build protein membranes by lowering 
loops or perforated plates through the interface between benzene and water 
at which there is an adsorbed protein monolayer, at a concentration which 
gives approximately y = 0. 

A 0.1 per cent solution of egg albumin in water in a beaker was covered 
with a layer of benzene. After a short time, on slightly agitating the beaker, 
the characteristic cloudy appearance of the interface was seen. On lowering 
a wire loop through the interfacial film a membrane was formed which lasted 
at best about 20 seconds. It seemed that when the protein monolayers on 
the opposite sides of the loop came into contact by the gradual up-flow in 
the intervening benzene film, the membrane ruptured. Observation of the 
meniscus at the benzene-water interface during the lowering of the loop 
proved, however, that the interfacial surface tension was not zero. If it 
had been zero, there should have been no meniscus. 

During the lowering of the loop through the interface there must be radial 
in-flow of the protein monolayer toward the loop. These highly compressed 
protein films seem to possess a certain degree of rigidity like those on the 
surface of water, so that the surface tension may not equalize itself over the 
whole surface. 

If the film is stretched by lowering the loop, the taking up of new protein 
from the underlying solution seems to be a very slow process especially when 
the film is highly compressed. For example, Devaux found that fragments 
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of solid egg albumin would build up films of a thickness of 65 A after 
24 hours. Some experiments that we have made showed that within 10 minutes 
the presence of a solid fragment of egg albumin on the water surface raises 
F to about 18 dynes, which would correspond to a film of a thickness of 
only about 17 A. The rate of arrival of protein molecules into the monolayer 
from the underlying solution probably slows up very rapidly as the thickness 
of the monolayer increases. 

It seemed to us therefore that it would be desirable to have an interfacial 
film which had a surplus of folds in it before we attempted to build a mem- 
brane. We found that this could be done by lowering a chromium plated slide 
through the benzene-water interface, holding it under the water for a short 
time, and lifting it out again. The surface of the plate had been polished 
and made hydrophobic by covering it with molten ferric stearate and 
rubbing vigorously with a clean cloth to remove all but a monolayer of 
stearate. 

The effect of lowering the plate through the interface was to carry down 
a film of benzene and to stretch the interfacial film, thus decreasing its thickness 
so that new protein could rapidly be taken up by the film. On raising the 
plate, the protein monolayer which had been carried down by the plate 
returned to the interface between the bulk phases of the water and the benzene, 
producing a circular area in the middle of this interface which was obviously 
greatly folded and far more cloudy than the surrounding surface. This pre- 
stretching of the surface gives an interfacial area much larger than the apparent 
one. After 10 to 20 seconds, however, the folds that were produced in this 
way seemed gradually to disappear, leaving the interface in its original con- 
dition. If the platinum wire loop was lowered through the interface, within 
a few seconds after prestretching, the membrane formed on the loop persisted 
for about 1 minute. While the wire frame was being lowered the folds pro- 
duced by the prestretching were used up during the formation of the first 
part of the membrane. During this time there was practically no meniscus. 
The remaining portion of the membrane was formed under slight tension, 
as indicated by the meniscus; and this was probably responsible for the sub- 
sequent rupturing. When the membrane did break it disappeared completely. 

In cell surfaces, besides proteins, there are present such substances as 
sterols and lecithin, which may be responsible for the stability. We tried 
some experiments therefore in which we added cholesterol to the benzene, 
but without appreciably improving the results. 

The addition of 0.5 mg of lecithin per cc. of benzene greatly improved 
the results. A layer of this solution over a 0.1 per cent solution of egg albumin 
in water gave membranes which lasted several minutes without rupturing 
and when they finally broke it was seen that there was only a small hole 
near the center of the film. The hole, however, grew rapidly in size until the 
Devaux crinkling effect was seen around the edges, indicating that the interfacial 
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surface tension had then become zero. A partly ruptured membrane having 
a hole covering one-fifth of its area remained unchanged for several hours. 

The rupturing of these membranes was overcome by prestretching the 
interfacial film between the dilute lecithin solution and the aqueous protein 
solution. The hydrophobic chromium plate is lowered into the interfacial 
film for about one-half minute. On withdrawing it there is a large circular 
area on the interface having a great number of folds which show little ten- 
dency to disappear, indicating that the lecithin greatly stabilizes the interfacial 
film and prevents it from contracting or collapsing. If a wire loop is dipped 
into the vicinity of these folds, a membrane is formed which, although covering 
the total area of the wire loop, shows the Devaux cloudiness. These mem- 
branes if undisturbed show no tendency to rupture. We made several of these 
membranes on separate wire loops suspended in the water phase from the 
sides of the beaker. By perfusing the vessel with a very slow stream of 
distilled water, the benzene, the interfacial film, and the protein solution 
were slowly washed away, leaving the intact membranes in pure water. The 
benzene which was originally between the two protein monolayers was 
presumably dissolved by the water, since it is appreciably soluble in water. The 
membrane probably therefore consists of two layers of protein separated 
by one or two monolayers of lipoid. 

The failure to obtain good protein membranes without the lecithin and 
the disappearance of the folds in the interface produced by prestretching 
are probably caused by a gradual crumpling of the protein monolayer at the 
interface due to formation of cross linkages between the molecules, resulting 
in a kind of denaturation of the film. The difficulty thus seems to be due to 
the fact that F = 35 is too large a spreading force for a pure protein to stand 
indefinitely. A pair of liquids showing lower interfacial energy might solve 
the problem. The lecithin, however, seems to enable the film to withstand 
this pressure. 

It seems possible that by the addition of a substance that would lower the 
interfacial tension a similar result might be obtained. We tried the effect of 
the addition of ethyl alcohol, but we did not find any improvement in the 
protein films by its use. This may well be due to a displacement of the ad- 
sorbed alcohol, by the protein. 

5 ml of saturated cetyl sulfate solution injected into 100 ml of the protein 
solution under the benzene made it much easier to get the Devaux effect 
and it persisted longer. Traces of such substances may facilitate the build- 
ing of membranes. Using an egg albumin solution without added substances 
the Devaux effect produced by gently tapping the beaker was very much more 
pronounced after the protein solution had been allowed to stand for 24 hours 
in contact with the benzene. This suggests that after long periods of time 
the value of F can finally rise to 35 in spite of the initial tendency to 
collapse. 
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Stabilization of Oil-Water Emulsions by Proteins 


Observations of the surface tensions of globules of benzene in dilute protein 
solutions seemed to indicate that in most cases the surface tension was not 
quite zero. The difference in density between the two liquids, however, 
somewhat interfered with the interpretation of these results. We therefore 
added enough carbon tetrachloride to the benzene to make the density nearly 
that of water, and this was then shaken in about twice its volume of water. 
Upon addition of a few drops of 1 per cent egg albumin solution the tube 
was gently shaken and allowed to stand. The hydrocarbon phase remained 
suspended almost motionless in the form of large drops throughout the aqueous 
phase. Some of these drops were not even approximately spherical, but were 
of very irregular shape, showing that the surface tension was actually zero, 
In some cases it was found that a large drop of the hydrocarbon phase contained 
a large drop of water inside it. It would seem that by perfusing such a double 
drop with water it would be possible to dissolve out the benzene and the carbon 
tetrachloride, leaving a double shell of protein which would have considerable 
resemblance to a cell wall. 

We believe that the technique we have described for building protein mem- 
branes across holes in plates may be useful to the biologist in the study of 
the properties of these membranes. Such a plate having a hole covered by 
a membrane could form the partition between two separate aqueous solutions, 
so that permeabilities and conductivities, etc., could be studied. 
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Many proteins, including urease and pepsin, can be spread on an air-water 
interface to form monolayers covering areas of the order of 1 m?/mg under 
a force F of about 2 dynes/cm. The amount of protein per sq. cm in such 
a film is sufficient to form a layer 8 A thick of dry protein of a density 
1.3. These protein films are very compressible, so that the area decreases 
to about one-half at F = 25 and to one-quarter at F = 34. 

Monolayers of egg albumin, under a compression of F = 16 dynes/cm, 
have the characteristics of a 2-dimensional plastic solid capable of with- 
standing shearing stresses of 0.7 dyne/cm with only elastic deformation, 
the elastic modulus being of the order of 10 dynes/cm. Larger shearing 
stresses cause flow at a rate proportional to the increment of shearing stress, 
the coefficient of viscosity being of the order of 400 g sec}. 

Urease and pepsin form monolayers which have mechanical properties 
very similar to those of egg albumin. These monolayers appear to be wholly 
insoluble in water, even when subjected to pressures of F = 30 or more 
which gradually crumple the film. 

If the protein films were in thermodynamic equilibrium with an underlying 
protein solution, the solubility c should increase with F in accord with Gibbs’ 
equation 

dF/d In c = okT (1) 
where o is a measure of the amount of protein per unit area in the film in 
terms of the molecular units which exist in solution. 

Assuming a molecular weight of 35,000 for the protein in the solution, 
a film having a specific area of 1 m?/mg corresponds to ¢ = 1.7x 10" mole- 
cules/sq. cm (regardless of any assumption regarding the molecular weight 
of the protein in the monolayer). Thus at 20° there should be a 3 x 10**-fold 
increase in solubility for each increment of 1 dyne/cm in the value of F. 

Since even at the highest compression these protein monolayers have no mea- 
surable solubility, we must conclude that the spreading of a monolayer of protein 
from solution is a process involving irreversibility to an extraordinary degree. 

It is apparently generally believed by those familiar with the physics and 
chemistry of proteins that the spreading of a protein to form a monolayer 
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causes its denaturation. The insolubility is in some cases taken as the criterion 
of denaturation. When proteins such as egg albumin are shaken with water 
forming a froth, the protein is gradually converted to an insoluble form in 
which it has lost its antigenic properties. It should be noted, however, that 
continued shaking not only produces monolayers on the surfaces of the bub- 
bles but crumples and destroys the monolayers when the bubbles break. It 
thus seems possible that the observed loss of chemical and biological activity 
may be due to the destruction rather than to the formation of the monolayer. 

Gorter! has found that pepsin and trypsin monolayers lifted off the surface 
of water on a wet silk fabric, transferred to a casein solution and shaken, 
possess nearly the full peptizing activity. This may indicate either that the 
monolayer is active or that the monolayer has been reconverted to a soluble 
form possessing the full activity, i.e., the spreading process has been reversed. 

Wrinch’s theory,? according to which proteins have a characteristic 2-di- 
mensional network structure, suggests that the synthesis of proteins involves 
the adsorption of amino acids or other constituents upon a protein template, 
very much as the outer layer of atoms in a growing crystal has its structure 
determined by the surface lattice of the underlying layer. The fact that the 
tobacco mosaic virus is produced, under proper conditions, in the tobacco 
plant by an autocatalytic reaction lends further support to this hypothesis. 
Northrop’s observation? that the formations of pepsin and trypsin from their 
precursors are autocatalytic reactions is additional evidence of the same kind. 

Unless we assume some mysterious and improbable action at a distance 
it seems inconceivable that a molecule of pepsin of molecular weight 39,000 
and diameter of 46 A can act as a nucleus to determine the growth of 
another molecule like itself unless at some stage in the process it is spread 
out into a thin sheet so that all of its parts are made accessible. 

This mechanism requires, however, that the molecule in the extended 
form should retain its specificity. Such considerations have led us to make 
the hypothesis that monolayers of proteins in general are highly reactive. 

To test this hypothesis we have made experiments with urease and pepsin, 
two enzymes whose activity can be tested easily by simple chemical means. 

The techniques which we have described recently for depositing protein 
monolayers or multilayers on properly prepared barium stearate surfaces‘ 
and for adsorbing protein monolayers from solution on conditioned plates®* 


seem to be particularly adapted to a study of the reactivities of protein films 
made in various wyas. 


1 E. Gorter, Trans. Faraday Soc. 33, 1125 (1937). 

2 D.M. Wrinch, Proc. Roy. Soc. (London), A160, 59 (1937). 

3 J.H. Northrop, Physiol. Rev. 17, 144 (1937). 

* I. Langmuir, V. J. Schaefer and D.M. Wrinch, Science 85, 76 (1937). 
5 I. Langmuir and V. J. Schaefer, ¥. Am. Chem. Soc. 59, 1406 (1937). 

* I. Langmuir and V. J. Schaefer, ibid. 59, 1762 (1937). 
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I. Urease Monolayers 


A solution of crystalline urease was kindly given to us in July, 1937, by Dr. 
James B. Sumner and was kept in a refrigerator. Unfortunately the experiments 
described below were made in September and November. At the latter time 
there was a precipitate in the solution and the urease had lost much of its 
activity, so further experiments were discontinued. We hope to make quantita- 
tive measurements of the activities of fresh samples of urease. The data given 
here are qualitative and of a preliminary nature only. 

Films of urease were produced in various ways on an area of about 1 sq. 
inch (6.3 sq. cm) of a metal or glass plate. The reactivity of the film was deter- 
mined qualitatively by dipping the plate into 25 ml of a 0.1% urea solution 
containing 0.1 mg of phenol red, the solution having been adjusted to pH 7 
by the addition of a trace of potassium bicarbonate. 

Some of the urease films were found to be so active in converting urea 
into ammonium carbonate that within thirty seconds the surface of the plate 
was covered by a thin film of solution in which the indicator had changed 
to a deep red color. This layer gradually increased in thickness and was slowly 
carried into the bulk of the solution by convection currents, but even after 
five minutes the color of the solution as a whole had changed very little. 
No change of color occurred if the urea was left out or if the urease film 
was not placed on the plate. 

The urease films whose activities we have studied in this way were of 
two classes: 


1. Deposited Monolayers of A or B Types 


These are monolayers that are transferred from a water surface to a pre- 
pared plate (PR) by dipping (A during down-trip, B during up-trip). At low 
film compressions (F< 5 dynes/cm) it is difficult to deposit uniform films 
on PR by dipping. We find, however, that even at F = 0.4 good A films 
can be deposited by holding the plate face down in a nearly horizontal position 
and lowering it onto the surface of the water in a tray covered with a mono- 
layer of urease. The surface pressure is adjusted to some predetermined value, 
such as F = 0.4, by placing a small drop of a calibrated indicator oil? on 
the surface after having spread the protein and then moving a barrier until 
the indicator oil changes to the color that corresponds to this particular 
value of F. Before lifting the plate from the water it is important to remove 
the protein film from the surface surrounding the plate, by sweeping with 
barriers and blowing away any residual film, so that no B-layet of protein 
is deposited when the plate is liffted. 

The film produced by this technique is an A-type of film, for it presumably 
has the same orientation as that deposited on a vertical plate during the down- 


7 |. Langmuir and V. J. Schaefer, ibid. 59, 2400 (1937), see p. 2403. 
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trip into water. We shall describe a film of this kind as a kifted film, and 
denote it by A,. 

One would expect from the manner of formation of these films that the 
A- or A,-layer would be hydrophilic and the B-layer hydrophobic. Meas- 
urements of contact angles, however, when a drop of water or other liquid 
is placed on the surface, show practically no difference in this respect. Protein 
films deposited at very low pressures are often hydrophobic, whether of the 
A or the B type, whereas when pressures of 15 dynes or more are used both 
A- and B-films are hydrophilic. These observations seem to indicate that 
the protein monolayers can overturn, i.e., the hydrophilic and the hydrophobic 
groups in the molecule are able to come to or be buried below the surface 
according to the nature of the substance that is brought in contact with the 
deposited monolayer. 

It is of interest to know whether the chemical activity of the urease film 
depends on the orientation of the hydrophilic and hydrophobic groups in 
the monolayer. We find that it is often possible to anchor monolayers, by 
properly conditioning the underlying surface, so that the monolayer cannot 
overturn. 

A barium stearate film conditioned by dipping for ten to thirty seconds 
into a thorium nitrate solution (0.001 to 0.1 M, pH 3) is hydrophilic when 
removed from the water* but becomes hydrophobic after drying, indicating 
that the thorium atoms and the carboxyl groups attached to them have 
been drawn down between the hydrocarbon chains. If after the thorium 
treatment, but before drying, the plate is treated with 1% sodium silicate and 
washed, the surface remains extremely hydrophilic, even after drying; i.e., 
it can readily be wetted by water. This suggests that the silicic acid binds 
the thorium atoms together so they cannot bury themselves in the hydro- 
carbon part of the film. 

By conditioning a barium stearate film in this way with thorium silicate 
we produce a surface which attaches itself so firmly to the hydrophilic side 
of a B-protein layer that this layer cannot overturn, and thus the hydrophobic 
side remains uppermost. 

On the other hand, it is possible to so anchor the hydrophobic parts 
of the urease monolayer that the hydrophilic side is uppermost. This can 
be done by first conditioning the barium stearate plate with thorium, washing 
with water, and then dipping into a 0.1% solution of sodium desoxycholate 
adjusted to a pH of 6.5. This solution wets the plate, but as soon as the 
plate is washed with distilled water (pH 5.8) the water peels off suddenly 
and the plate is then very hydrophobic, giving a contact angle with water of 
75°. 

Desoxycholic acid has a particularly strong tendency to combine with 
CH, groups in hydrocarbon molecules, although it apparently has little affinity 
for CH, groups at the ends of hydrocarbon chains. When an A-layer of 
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a protein is deposited on a surface conditioned with desoxycholate, the hydro- 
phobic groups in the side chains of the protein are firmly anchored and preven- 
ted from turning over. Experiments with many proteins have shown that 
A-layers deposited on desoxycholate-conditioned surfaces are very hydrophilic, 
whereas protein B-layers deposited on thorium silicate are hydrophobic, 
except at high values of F. 

Since it was desired to determine the thickness of the urease monolayers 
whose activity was to be measured, these layers were deposited upon one 
side of chromium-plated slides, 1x3 inches (2.57.6 cm) on which barium 
stearate stepped films of critical thickness 45, 47 and 49 layers have been 
built. The methods of producing these films and measuring their thickness 
by using monochromatic light have been previously described.*—° 

Table I gives a summary of the experimental result. The second column 
describes the type of urease film and its substrate. Here PR represents the 
prepared plate with the requisite number of barium stearate layers; C denotes 
the conditioning layer, further described in the parenthesis. The symbols 
A; and B describe the method of depositing the urease, A, being a lift film 
of A type and B a film deposited on an up-trip (the monolayer having been 
spread on the water after the down-trip). 


Tasre I 


Activities of Deposited Urease Monolayers 











Expt.| Substrate and film F | [ae | Reactivity 
Before | After | 
1 PRA, 0.4 21 No | No Strong 
2 | PRC(ThO,SiO,)B 0.4 18 Yes | No Strong 
3 | PRC(ThO,SiO,)Ay, 0.4 11 Yes | Yes Slight 
4 PRC(ThO,Desoxy)A,, 0.4 7 No Yes None 
5 | PRC(ThO,Desoxy)A;, 16.0 | 43 | No | Yes ' Slight 


| 





The urease monolayers were spread on water (quartz distilled, pH 5.8) 
by Gorter’s method or by wetting a narrow band along the edge of a glass 
or nickel plate with the urease solution and then dipping this edge slowly 
into the water in a tray. The monolayer, even at F = 0, is a plastic solid 
which tears into a jagged star-shaped figure when a small drop of indicator 
oil is placed on the surface. 

The third column of the table shows the surface pressures used in deposit- 
ing the monolayers. The barium stearate layers upon which the protein film 
was deposited were built from monolayers of stearic acid spread on distilled 


* K. B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 (1937). 


* I. Langmuir, V. J. Schaefer and H. Sobotka, ¥. Am. Chem. Soc. 59, 1751 (1937). 
10 K. B. Blodgett, ¥. Phys. Chem. 41, 975 (1937). 
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water containing 10-¢ M barium chloride. 2x 10-4 potassium bicarbonate and 
10-* M potassium cyanide, pH 6.8. In experiments such as those we have 
made previously with sterols,? where it was not necessary to condition the 
surfaces with thorium dioxide, we have found it desirable to add 2x 10-* M 
cupric chloride, since this makes it possible to dip the plates repeatedly into 
clean water without loss of stearic acid. However, the presence of copper greatly 
interferes with the conditioning treatment with thorium nitrate and therefore 
in the present experiments we omitted copper and purposely added potassium 
cyanide to eliminate possible traces of copper from the brass tray (although 
the surface was covered by paraffin and glass). 

The thickness given in the fourth column is that of the A, or B layer 
alone. The increment of thickness due to the C layer was measured in sepa- 
rate experiments by drying the plate after the conditioning treatment. The 
C(ThO,SiO,) gave about 11 A and the C(ThO,Desoxy) 18 A. 

In carrying out the conditioning treatment it is important to avoid dip- 
ping a dry or hydrophobic film into any solution without cleaning the surface 
of the solution by means of a barrier just before the dipping. Otherwise mono- 
layers of some contamination may be deposited on the plate as an A-layer 
on the down-trip. In the case of the ThO,SiO, conditioning our procedure 
is to put the thorium nitrate solution into a carefully cleaned cylindrical 
glass vessel (5 cm deep, 10 cm in diameter) having a ground upper rim. 
Two cleaned glass strips as barriers are moved several times across the surface 
and the prepared plate is immersed into the solution near the rim just after 
the barrier has been moved to produce a fresh surface. The plate is kept 
thirty seconds in the solution and can be removed without special precaution. 
It is immediately washed in a running stream of distilled water. As long as 
it is kept wet there is no danger of its acquiring a deposited monolayer 
from accidental contamination. The sodium silicate solution (or the sodium 
desoxycholate) is applied in the form of drops from a dropper directly onto 
the wet surface. The surface is again washed with a stream of distilled water. 

The fifth and sixth columns of the table give data on the hydrophilic or 
hydrophobic character of the plate before and after depositing the urease 
monolayer, 

The last column describes the reactivity of the film as evidenced by the 
development of a red color when the plate was immersed in the urea solution 
containing phenol red. Check runs were made for Expts. 1 and 4 with es- 
sentially similar results. 

It is seen from these data that the activity of the monolayers depends greatly 
on the type of film deposited. The strongest action was obtained in Expts. 
1 and 2 which gave hydrophobic films. When the hydrophobic groups in the 
monolayer were anchored by desoxycholate in Expt. 4, leaving only hydro- 
philic groups on the surface, there was no detectable activity. In Expt. 5, 
where the film was highly compressed, F = 16, before being deposited, 
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the thickness had risen to 43A. In such a thick film the number of 
hydrophobic groups per unit area is presumably greater than can be anchored 
by the desoxycholate and the unanchored ones account for the observed 
slight activity. 

The low activity of the A, film in Expt. 3 as compared with that of 
Expt. 1 may be due to an anchoring action of the C(ThO,SiO,) on some 
of the hydrophobic groups. Barium stearate surfaces, PR, are oleophobic 
and hydrophobic but PRC(ThO,SiO,) surfaces when dry are highly oleophilic 
as well as being hydrophilic. Thus a PRC surface should anchor hydrophobic 
groups more effectively than does a PR surface. 

These experiments suggest that the activity of the urease in decomposing 
urea is associated with the hydrophobic groups among the side chains, and 
that when these groups are not on the surface the activity is lost. 

It is of interest to form some estimate of the relative activities of urease 
monolayers and urease in solution. According to Sumner, 7.4x10- g of 
crystalline urease is equivalent to 1 unit of urease which by definition produces 
0.2 mg of ammonia per minute from a urea-phosphate solution at 20° and 
pH 7. If we assume that the 1 sq. inch (6.25 sq. cm) of urease monolayer 
in Expt. 1 consisted of pure urease, it would correspond to 0.24 urease unit 
and if distributed uniformly throughout the solution should produce 4.8 x 10-5 g 
of ammonia per minute which would be equivalent to 2.8 ml of 0.001 N 
hydrochloric acid solution per minute. We have recently placed 0.1 ml 
of 0.001 N ammonium hydroxide solution on a 1 inch square (6.25 sq. cm) 
of filter paper, and immersed this in a 0.1% urea solution with phenol red. 
The coloration during the first minute was approximately like that observed 
in Expt. 1. The activity of the monolayers is thus about 0.02 of that which 
we might expect from a similar amount of pure urease in solution. The lower 
activity of the monolayers may, however, be due to a loss of activity of the 
urease solution during the three and one-half months it was kept before use. 

The activity of urease, being that of a catalytic enzyme, should continue 
indefinitely unless acted on by some poison. 

In our experiments, however, we found that the activity of the monolayers 
on the plates gradually decreased. The plate was usually left in the solution 
for five minutes during which the film of red liquid slowly reformed each 
time after it was removed by agitation. At the end of five minutes the plate 
was removed, dried and the film thickness determined. There was usually 
no change in thickness, but in a few cases a slight increase was observed. When 
the plate was put into a fresh urea-phenol red solution, the activity was found 
to be greatly reduced. In some cases, five minutes later, a third solution was 
tried, but in no case was there any activity. 

These experiments were made in September, 1937. Two months later 
when the urease was of low activity, experiments were undertaken to see if 
phenol red acted as a poison toward the urease. 
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We tested the activity of the urease solution by taking 10 mg of it, adding 
10 ml of 0.1% urea containing 20 drops of 0.02% phenol red. After five 
minutes this was titrated with 0.001 N hydrochloric acid. We then repeated 
the test except that the phenol red was not added until the end of the five 
minutes, just before titrating. The first test showed 3.5 units of urease per 
ml of original solution, while the second gave 8.0. Other tests showed that 
the amount of ammonia formed within five minutes was directly proportion- 
al to the amount of urease used, indicating that the change in the pH of 
the solution during the reaction did not appreciably alter the velocity of the 
reaction. These results show that the phenol red acts as a catalytic poison 
on the urease causing the activity to decrease to 1/, value every five minutes 
(assuming a monomolecular reaction rate). This observation affords a sufficient 
explanation of the decreasing rates observed with the monolayers. With a fresh 
supply of pure urease and by avoiding the use of phenol red until the urease 
monolayer has been removed from the solution we hope to make quantitative 
measurements of the activities of urease monolayers of various types and 
to study the dependence on the film thickness. 


2. Urease S-Layers 


A barium stearate film conditioned by thorium dioxide or ThO,SiO, can 
adsorb proteins from solution.** We shall call such films S-layers. These 
layers, when saturated, frequently have thicknesses equal to or even greater 
than the diameters of the normal protein molecules, while deposited mono- 
layers are usually far thinner. There is thus no apparent reason for believing 
that S-layers may not retain the specificity and reactivity of the native 
protein. 

We have measured the activities of PRC(ThO,)S urease films of thickness 
35 A and find that the activity is considerably stronger than that of PRA, 
films. The procedure for preparing the S-layers is to produce PRC(ThO,), 
wash it, and while the plate is still wet place a few drops of the urease solu- 
tion upon it. This is agitated or stirred for one minute with a 60-cycle solenoid 
vibrator and then washed in a stream of distilled water. Its activity may then 
be tested while wet or it may first be dried so that the thickness can be 
measured. 

To determine the thickness of the S-layer it is necessary to know that of 
the underlying PRC film. The thickness of PR is readily determined, but 
that of the C-layer (ThO,), which is about 4 A, must be determined by separate 
experiments with other plates since the surface of PRC is made partly hydro- 
phobic by drying. 

With surfaces conditioned with ThO,SiO, it is possible to dry them and deter- 
mine the thickness, but it is important to wet the surface with pure water 
before adding drops of protein; otherwise the monolayer on each protein 
drop builds an A-layer on the plate when it first touches it. 
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Urease S-layers were formed on glass microscope slides by cleaning these 
in a sulfuric acidbichromate mixture, washing well with distilled water and 
applying a few drops of urease solution. After one minute this was washed 
off with a vigorous stream of distilled water and dried. On placing this in 
the urea solution with phenol red, a strong reaction was observed, of about 
the same intensity as that found with the PRCS films. In another experiment 
the S-layer of urease on glass, after drying, was heated for sixteen hours to 
100°. This also gave a strong reaction when immersed in the urea solution. 


Il. Pepsin Monolayers 


Pepsin from two sources was used in these experiments; Dr. J. H. Northrop 
kindly supplied us with a sample of dry crystalline pepsin and we also used 
a commercial grade of pepsin made by Eli Lilly Company. 

The activities of these samples of pepsin and of the monolayers produced 
from them were measured in terms of arbitrary ‘‘units” by determining the 
time needed for the clotting of a standard skim milk solution into which the 
pepsin had been introduced. The milk solution contained 16.7% of dry powdered 
skim milk (Breadlac made by the Borden Company) in 0.1 M acetate buffer 
adjusted to pH 5 by acetic acid. The pepsin unit is ordinarily defined as the 
amount which causes the clotting of 6 cc. of this solution at 37° in one minute. 
Since the clotting time is inversely proportional to the pepsin concentration, 
we have calculated U, the number of pepsin units, by the equation 


U=V/6t (2) 


where V is the volume of the solution in ml. and ¢ is the clotting time at 
37° in minutes. We have used this equation to measure the apparent ac- 
tivities of monolayers even when the pepsin is not uniformly distributed through- 
out the solution. The activity of the sample of Northrop pepsin was found 
to be 50 units/mg while the Lilly pepsin gave 8.1 units/mg. 

The pepsin monolayers to be deposited on the prepared plates were spread 
from dry fragments or powder (Cary and Rideal’s method) placed on the distilled 
water of the tray, which was adjusted to the isoelectric point pH 2.6 by hydro- 
chloric acid. The monolayer was then compressed to a definite value, such 
as F = 9, as measured by a surface balance. The thickness of the deposited 
films was usually measured optically (within +. 1.5 A). During the course of 
the experiments it was found that slight differences in the technique of spreading 
films caused variations in the A,-films, deposited at F = 9, from 11 to 23 A, 
although the films made in any one day were uniform within 2 or 3 A. These 
variations, which also occur with egg albumin and other plastic solid protein 
films appear to be due to internal strains in the films and are increased by 
too rapid spreading. They can be avoided largely by placing a small drop 
of indicator oil on the monolayer near the part that is to be used for deposition 
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and controlling the rate of application of pepsin so that no pressure is built 
up (a pressure of 0.2 dyne/cm changes the color of the indicator oil). 

Our first studies of the activity of pepsin monolayers were made by the 
following method. 


Drop-on-Plate Method 


A drop of the standard milk solution is placed on a plate covered by 
a protein monolayer. It is important that this plate be wet with water before 
the drop of milk is added, for otherwise the protein monolayer on the surface 
of the drop forms an A-layer on top of the pepsin layer on the plate. 
A microscope cover glass 0.5 inch (1.26 cm) in diameter is placed on the drop 
of milk, and the milk is observed with a low-power microscope, with dark 
field illumination. The Brownian movement of the particles of milk is very- 
striking. With sunlight this movement can be seen even with the naked eye. 
At any given point the Brownian movement ceases suddenly, and shortly 
afterwards it is seen that the milk has clotted by a chain-like arrangement 
of its particles. 

It is interesting to watch this clotting of a drop of milk on a plate having 
only part of its surface covered by a pepsin monolayer. The clotting begins 
close to the surface of the monolayer and soon extends throughout the 
thickness of the layer of milk under the cover glass. Along the boundary of 
the monolayer (i.e., between the PRA and PR films) there is then a striking 
contrast in appearance over the two surfaces. Gradually, however, the clotting 
extends further into the milk over the PR film. It can be seen that the 
visible particles do not move into contact with the monolayer, but clot because 
of the presence of a diffusible substance, presumably pepsin liberated from the 
monolayer. 

Pepsin monolayers were deposited on surfaces conditioned in various 
ways, and the clotting times ¢ of a drop of milk (volume 0.025 ml) were 
observed. The pepsin activity U was then calculated by Eg. (2). Column 
4 of Table II gives the activity of the monolayers found in this way expressed 


Tass II 


Activity of Pepsin Monolayers by Drop Method 
Plate at 37°, Lilly pepsin, F = 9 








: iis | fe | 10" isa. | Thickness L Ule 
1 | PRA, | 3.3 1.0 | 4 5500 
2 | GBS 2.5 0.5 me | on 
3 | PRAB | 20 1600; 35 3500 
4 | PRC(ThO,Tan)A;, | 6 | 06 | 18 | 2600 
5 | PRC(ThO,Tan) B ee ee ee 4500 
6 | PRC(ThO,Desoxy)Ay, {| 33 | 10 | | 





GB denotes a B-layer on a cleaned glass plate. 
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in pepsin units/sq. cm of surface. The fifth column gives the monolayer thickness: 
determined optically. From this we can calculate the weight of pepsin per 
sq. cm, assuming the density to be 1.3. Dividing the activity per unit area 
(U/sq. cm) by the weight per unit area (1.3 x T) we get the specific activity 
U/g given in column 6. These data show that the specific activity of the pepsin 
after being spread as a monolayer is only a little less than the observed 
specific activity of the original substance (8000). 

The activities were not greatly dependent upon the type of film or the 
conditioning treatment given the plate. The lowest activity was found in Expt. 
4 for the pepsin on a surface conditioned with thorium nitrate followed by 
tannic acid (ThO,Tan). This conditioning treatment gives a surface which 
remains very hydrophilic after drying. 

Plate-in-Tube Method 

Monolayers of pepsin were deposited by the lift method, on one side 
of slides 0.5 X2.0 inches (1.26 x5.04 cm) which previously had been built 
to critical thickness by barium stearate layers. Usually two of these PRA, 
plates having a total monolayers surface of 10 sq. cm were wetted by water 
after the film thickness had been measured and were then immersed, back 
to back, into 6 ml of standard milk in a test-tube 1.4 cm inside diameter. This 
tube was maintained at 37° and tested from time to time for clotting by gently 
tilting the tube. In some experiments, after a time ft), the two plates were 
removed from the milk and transferred to another tube containing 6 ml of milk. 
In Table III t, and t, represent the clotting times in minutes in the first 
and second tubes, respectively, each measured from the moment when the 
plates were put into that tube. 

Examination of the plates removed from the milk before clotting occurred 
showed that the clotting began almost immediately on the surface of the 
plate and gradually extended to form an increasingly thick clotted layer, which 
adhered firmly to the plate. A PR plate (without pepsin), when immersed 
in milk to which pepsin had been added, did not adhere to the curd which 
finally formed. 

The first four experiments of Table III prove that the reaction which causes 
clotting continues after the plates are removed from the milk. If we use 
the clotting time t, to calculate U by Eq. (2) as in Col. 4, we see that the 
U/sq. cm in Expts. 1 to 4 varies roughly in proportion to the square root 
of t), so that 

U/sq. cm = 6.4.x 10-5(to)"" (3) 

These results indicate that the rate of clotting is determined by the amount 
of pepsin that diffuses out through an increasingly thick layer of clotted 
milk. As in the case of the growth of ice on a pond the thickness of such 
a layer increases in proportion to fs, the rate of diffusion varies as t~, 
and the total amount that escapes during the time ¢) varies with f°". 
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An examination of the data of Expts. 5 to 8 indicates that the agitation of 
the liquid close to the surface of the plate, incident to the removal of the 
plate, distributes the activity throughout the milk if this agitation occurs 
before the milk clots on the plate. 


Tase III 


Activity of PRA, Pepsin Films by Plate-in-Tube Method 
Lilly pepsin, F = 9, thickness = 21A 














Expt. te | ty | U juin ty | U jee ens Total 
1 >132 132 0.76 
2 100 150 0.67 
3 80 185 0.54 
4 30 270 0.37 
5 15 600 0.16 196 0.51 0.67 
6 4 92 1.09 198 0.51 1.60 
7 1 67 1.50 239 0.42 1.90 
8 0.17 249 0.40 m4 | 1.35 1.75 





The total activity of 0.0019 unit/sq. cm shown in Expt. 7, with a film 
23 A thick, corresponds to 7000 units/g which is only 13% less than the di- 
rectly observed activity of the Lilly pepsin in solution. 

The importance of agitation when the plates are first placed in the milk, 
as shown by the data of Table III, suggested the following modification of 
technique. 


Displacement Method 


In this method the plate bearing the pepsin monolayer is immersed for 
two minutes in 6 ml of standard milk in a test-tube, during which time the 
milk is agitated continuously by gently shaking and rotating the tube. The 
plate is then removed and put into a second tube of milk which is shaken 
for two minutes. 

It was found in most cases (all the experiments of Table IV) that no 
clotting occurred within ten hours in the second tube, showing that practically 
all the pepsin had been displaced from the monolayer and stirred into the 
milk of the first tube by the two-minute shaking. 

In Expt. 1 of Table IV two plates were placed back to back but in the 
other experiments only one plate (4 cm) was used. Experiment 2 shows that 
the pepsin liberated by the two plates was twice that from one. 

In Expts. 3 and 4 the monolayer on the water was compressed to one-tenth 
of the area which it occupied at F = 1. This required an initial compression 
of about 45 dynes/cm. A film compressed to such a degree is crushed so that 
it will not expand to its original area if the pressure is removed. The deposited 
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monolayers, measured optically, had about nine times the thickness of the 
monolayer formed at 9 dynes/cm. The film in Expt. 3 was deposited within 
two minutes after compressing, while that of Expt. 4 was held (at constant 
area) for sixteen minutes. The specific activities of these crumpled monolayers 
are from one-half to one-quarter that of the monolayers formed at F = 9, 
but they have by no means been ‘‘denatured.” 


Taste IV 
Activity of A,-layers of Pepsin. Displacement Method 
Lilly pepsin, shaken 2 min and removed 























Expt. Film F TA | gmin | y ue Ule 
1 | 2(PRA,) 9 12 33 38 24,000 
2 PRA, 9 12 69 3.4 22,000 
3 PRA; (2’ age) 45 106 14 | 18 13,000 
4 PRA, (16’ age) 45 106 32 8 5800 
5 PRC(ThO,Desoxy)A;, 9 14 40 6.2 34,000 
6 PRC(ThO,Tannic)A, | 9 | 14 115 2.2 12,000 
7 PRC(ThO,Si0,)Ay, 9 14 59 42 23,000 
8 PRC(ThO,)Ay, 9 14 | 68 3.7 20,000 








To test the prevalent opinion that vigorous shaking causes loss of activity 
we placed 100 ml of 0.1 M acetate buffer (pH 5) in a 0.5 liter bottle, added 
100 mg of Lilly pepsin and shook by a machine giving a 5-cm vertical stroke 
400 times per minute. At intervals of a few minutes the machine was stopped 
and 1-ml samples were removed to test the activity. During the first ten minutes 
a froth filled half the bottle which subsided very slowly on standing, but after 
ten minutes there was relatively little frothing. The tests showed that the 
specific activity of the protein decreased from 8000 units/g at the start to 
4000 after one minute, to 180 after five minutes, and less than 10 after ten 
minutes. This corresponds to a decrease to half activity for each time interval 
of 0.90 minute or at the rate of 1.39% per second. Small samples ‘taken at 
intervals were spread on the water in the tray by Gorter’s method so as to 
produce monolayers. A monolayer obtained at the end of one minute was still 
a 2-dimensional plastic solid which gave a starshaped figure with indicator 
oil. After five minutes, however, the protein monolayer formed a 2-dimensional 
liquid which gave a circular figure with indicator oil. ‘Also it took a good 
deal more of the solution to cover the trays with the monolayer than it did 
with the original pepsin solution, but even after forty minutes there was 
no difficulty in obtaining a liquid monolayer. At that time, however, the solution 
was turbid from protein precipitated in a flocculent form. 

Experiments 5 to 8 show that the various conditioning treatments given 
to the plate alter the activity in a ratio of about 3:1. As in the data of 


Google 


Activities of Urease and Pepsin Monolayers 49 


Table II the lowest activity is found with the A, -layer on the surface conditioned 
with tannic acid. 

Table V contains some comparative data with Northrop’s crystalline pepsin. 
The rather surprising result was obtained that the activities U, calculated 
from ft, in the first tube were lower than those found for the Lilly pepsin 
which contained less of the active substance. Furthermore, in Expts. 10 and 
11 the activity observed in the second tube, to which the plates were transfer- 
red, was greater than that observed in the first tube. 


Taste V 
Activities of Various Pepsin Films by Displacement Method 
F =9 for all Ay-films; U, and U, are the activities in 1st and 2nd tubes 





























' |Source Tr. T, U, U, U 
Expt. | Nature of film of Ah A sq. cm | sq. cm g 
| pepsin x10 x10" Total 
9 | PRC(ThO,Desoxy)A; N 14 No 2.95 <0.6 16,000 
| clot 
10 \ PRC(ThO, Tannic)A;, N 14 Thick <0.7 2.3 13,000 
H clot 
11 | PRA, N 14 Thick <0.7 3.9 21,000 
clot 
12 | PRC(ThO,)S L 13 106 1.94 x 11,400 
13 | PRC(ThO,)S N 29 119 8.6 fo 23,000 
14: GS) ee eS ec L ans 2.3 oo 
15 GS dried, 20’ at 80° ! L ay - | <0.2 a By 
16 | 10sq.cm of film on H,O’ L 4]. 1.2 s 6500 





It appears probable that with the higher activity of the Northrop pepsin 
the milk clotted so rapidly that a thick adherent clot formed over the surface 
of the plate before the pepsin could escape into the solution. It is probable 
that a sufficiently vigorous agitation (solenoid vibrator) during the first few 
seconds would overcome this difficulty. This explanation receives support 
from the fact that in Expts. 10 and 11 but not in 9 an adherent clot was 
found on the plate when it was removed from the first tube at the end of 
two minutes of gentle shaking. 

Evidently with a given intensity of agitation there is an optimum frue activity 
which will give the maximum apparent activity of the monolayer. If a condi- 
tioned surface could be found which holds the pepsin so firmly that little can 
escape, the apparent activity would be very low. On the other hand, if the 
surface is one which liberates the pepsin almost instantly upon contact with 
the milk, the pepsin concentration may become locally so high that a firmly 
adherent clot is formed, and so the escape of the pepsin is retarded. 
This is the probable explanation of the behavior of the PRA, film in 
Expt. 11. 
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Experiments 12 and 13 give a comparison of S-layers of the two kinds 
of pepsin. The thickness of the adsorbed layer of Northrop pepsin is more 
than twice that of the Lilly pepsin. The specific activity of the L-pepsin film 
in Exp. 12 is much higher than that of the original substance, while that of 
the N-pepsin in Expt. 13 is much lower. In Table IV we see also that 
the specific activities of the L-pepsin monolayers (example in Expt. 1) may 
be three times as great as that of the original pepsin. These results indicate 
that in the formation of monolayers at a water surface by the spreading of 
a solid protein, or during the adsorption of an S-layer from solution on a PRC 
plate, there may be a separation or fractionation of the constituents of impure 
proteins. Since the L-pepsin has about 1/, the activity of the N, 5/, of L must 
consist of a substance which is not pepsin; Expt. 12 suggests that this substance 
consists of molecules of smaller size which are somewhat less strongly adsorbed 
on PRC than is pure pepsin. 

In Expts. 12 and 13 the plate after being shaken in the milk for two minutes 
in the first tube was removed and washed. The surface seemed to be free 
from any clotted milk but, after drying, optical measurements showed the 
presence of a film, on top of the PRC film, of a total thickness given by 
T, in the fifth column of Table V. The pepsin presumably has been replaced 
by proteins from the milk. 

Experiments 14 and 15 give the activities of S-layers of L-protein on glass 
plates. In Expt. 15 the plate, after washing, was dried and heated for twenty 
minutes at 80° which completely destroyed the activity. This result is in mark- 
ed contrast to the behavior of urease S-layers which lost no activity after 
heating to 100° for sixteen hours. 

In Expt. 16 a rectangular wire frame 1x5 cm (the same size as the plates) 
was dipped into the water in a tray covered by a pepsin monolayer at F = 9. 
On lifting out the frame a film was obtained (like that from a soap solution) 
which had a total of 10 sq. cm of pepsin monolayer on it. This was placed 
in a test-tube, and 6 ml of the standard milk was poured into the tube and 
the milk was stirred with the wire farme. This is a repetition of Gorter’s experi- 
ment in which he supported the film on silk gauze. The specific activity was 
about 80% of that of the original pepsin, confirming Gorter’s results. 

The presence of some substance in milk which can displace pepsin adsorbed 
on surfaces seems necessary to account for our observations. The fact that 
enormous quantities of milk can be clotted by small amounts of pepsin would 
seem to be dependent upon this same phenomenon. 

We made a few experiments to determine the distribution of the pepsin 
between the whey and curd of clotted milk. We took two solutions each of 
24 g of skim milk powder in 150 ml of acetate buffer. To one we added 
0.2 mg of pepsin (L) and to the other 10 mg. After these had clotted, the 
whey was separated and tested for pepsin activity. The results showed that 
no large fraction of the pepsin was adsorbed by the curd. 
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Summary 

Monolayers of urease or pepsin spread on water and then deposited on 
plates, or adsorbed from solution by conditioned plates, usually have high 
chemical activity. The test for the activity of urease was the formation of 
ammonia from urea at pH 7. The urease monolayer remained on the plate 
with unchanged thickness (about 20 A). When the urease monolayer was 
deposited as an A-layer on a surface such as one conditioned with sodium 
desoxycholate, which anchors hydrophobic groups of the protein molecule, 
the activity disappeared. The urease activity thus depends on the presence 
of hydrophobic groups in the surface. 

The pepsin was tested by its power to clot skim milk. There is some sub- 
stance in milk that rapidly displaces the adsorbed pepsin monolayers on the 
plate and allows the pepsin to diffuse into the solution in a completely active 
form. To prevent the imprisonment of the pepsin within a layer of clotted 
milk, it is necessary to stir the milk when the monolayer is first introduced. 
The plate can then be removed without delaying the time of clotting. In 
several cases the specific activity of the pepsin monolayers prepared from 
a commercial grade of pepsin was several times higher than that of the original 
pepsin, indicating a selective adsorption of the active pepsin into the monolayer 
on water or into that adsorbed on the conditioned plate. 
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Protetns can be adsorbed from aqueous solutions onto a plate, covered by 
barium stearate multilayers, which has been conditioned'? by previously 
dipping it into a solution of thorium nitrate. When a 1% solution of insulin 
is applied in this way to a conditioned plate and this is then washed in distil- 
led water, and dried, a film of a thickness of about 45 A is obtained. How- 
ever, if the protein solution is washed off the plate with an 0.8% sodium 
chloride solution instead of with water and the plate is then washed with 
distilled water and dried, the film thickness is much greater, ranging from 70 
to about 200 A. The variations in thickness seem to depend upon the rapidity 
of mixing the salt solution with the underlying protein solution. 

These results suggested that the increased thickness due to the application 
of the salt solution directly to the protein solution on the plate was caused 
by the concentration gradient in the solution while the salt diffused into the 
insulin solution. Confirmation of this hypothesis was obtained from experiments 
in which 0.8% sodium chloride was added to the insulin solution before applying 
this to the conditioned plate. After washing this off with sodium chloride 
solution and then with water, the normal thickness of about 45 A was found. 

The effect seems to be analogous to the Ludwig-Soret effect in which a tem- 
perature gradient causes a migration of a solute to the cold part of a solution. 
The theory of this phenomenon has not been satisfactorily worked out. A simple 
explanation often given is that the molecules of the solute are bombarded 
by the solvent molecules with greater intensity on the high temperature side 
than on the low temperature side. Such an explanation seems particularly 
useful in accounting for the Soret effect in air commonly manifested by 
the slow accumulation of dust particles at cold spots on the ceiling of a room. 

According to S. Chapman! particles having a large diameter compared 
to the free path of the molecules in a liquid should distribute themselves in 
such a way that cD is constant throughout the solution, c being the concentra- 
tion of the particles and D the diffusion coefficient. Thus, since the diffusion 


1 I, Langmuir and V. J. Schaefer, 59, 1400 (1937). 
2 I. Langmuir and V. J. Schaefer, ibid. 59, 1762 (1937). 
3S. Chapman, Proc. Roy. Soc. (London) A119, 34 (1928). 
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coefficient increases with temperature, the concentration should be less in 
the hotter parts. Bruzs‘ attempts to develop a thermodynamic theory and con- 
cludes that the Soret coefficient ¢ depends upon the entropy and the partial 
molar specific heats. There are, however, practically no experimental data 
for checking this theory. 

Hartley,5 after discussing the preceding theories, advances reasons for 
believing that the relative solubilities of the solute in the solvent, at different 
places in the tube, are important in determining the Soret coefficient. 

In a second paper,® Hartley considers the distribution of solute molecules 
in a solvent of graded composition. Apparently in all cases if there is one 
component A originally uniformly distributed throughout a solvent, the effect 
of a soncentration gradient in a second component B is to drive the molecules 
of A toward the region where B has a low concentration. We shall designate 
this as the carrying effect. 

Hartley believes that there are three factors that determine the magnitude 
of this forced migration. First there is the Chapman effect, according to which 
the particles should migrate toward the region where the diffusion coefficient 
is lowest. Thus, if the presence of a substance B increases the diffusion coefficient 
of substance A, A should tend to move into the region where B has a low con- 
centration. It seems improbable, however, that the general effect of dissolved 
substances should be to raise the diffusion coefficient of other substances, 
so that Chapman’s theory seems inadequate as a general explanation of the 
carrying effect. 

As a second factor, Hartley considers the effect of the added substance B 
on the solubility of A. 

The third factor he describes as a ‘‘push effect.” The larger molecules 
are subjected to greater bombardment by diffusing molecules than small ones. 
Hartley assumes that the pressure exerted is approximately proportional to 
the mean cross-sectional area of the large molecules. Thus an enormous push 
effect is to be expected in the case of colloidal particles. This simple explanation 
of the “‘push effect” cannot be generally valid, for it would indicate that a sphere 
the size of a baseball, placed at the boundary between a molar salt solution 
and overlying pure water should be forced upward with a force of about 1000 lb. 
It is obvious, however, that any pressure difference greater than that due 
to gravity will be equalized by a flow of liquid. It is only when the particles 
are of a size comparable to the free path of the molecules of the liquid that 
an appreciable push effect can exist. 

Recently Seastone’ found it impossible to spread monolayers of tobacco 
mosaic virus by Gorter’s method on the surface of water adjusted to a pH 


* B. Bruzs, Z. physik. Chem. A162, 31 (1932). 

5 G.S. Hartley, Trans. Faraday. Soc. 27, 1 (1931). 
* G.S. Hartley, ibid. 27, 10 (1931). 

7 C. V. Seastone, ¥. Gen. Physio. 21. 621 (1938). 
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corresponding to the isoelectric point of the protein. At pH 1 there was a small 
amount of spreading corresponding to about 0.1 sq. m per mg. Since the 
protein solution when applied sank to the bottom of the tray and so could 
diffuse only slowly to the surface, Seastone attempted to spread the protein 
on a solution of higher density, using for this purpose a 25-90% saturated 
ammonium sulfate solution. The protein solutions, and even distilled water, 
spread with almost explosive rapidity on such strong salt solutions, for 
these have surface tensions that exceed that of pure water by several dynes 
per cm. With 90% saturated ammonium sulfate at pH 7.1, a film of virus 
covering an area of 0.06 sq. m per mg. was obtained. Measurements of the 
virus activity proved that little or none of the tobacco virus remained in 
the liquid under the film. If this film has a density 1.3 and if it contains 
all the protein applied to the solution, its thickness should be 126 A. In another 
case Seatone reports that a film of a thickness of 1000 A was obtained by 
applying tobacco mosaic virus to a 50% saturated ammonium sulfate solution. 
He suggests that these thick films may correspond to monolayers in which 
the rod-shaped molecules of diameter 150 A lie flat in the surface in some 
cases and lie with their long axes perpendicular to the surface in other cases. 

The work of Gorter and Philippi shows that many proteins spread to give 
films of thicknesses from 7 to 20 A under compressions to 0 to 10 dynes per 
cm. Some samples of tobacco virus sent to us over a year ago by Dr. Stanley 
gave films of approximately this thickness. About six months ago, Dr. Stanley 
sent us some new samples of 1.9% tobacco virus purified by ultracentrifuge 
sedimentation. With a spreading technique which we had used previously, 
which was a modification of Gorter’s, we were unable to obtain monolayers. 
When this solution of tobacco virus was spread upon ammonium sulfate solution 
we obtained very thick films, ranging from 100 to 2000 A. 

Our experiments showed clearly that the film thickness was not determined 
by the molecular diameter but depended on the concentration of the salt solution 
and on the amount of protein applied in relation to the area available for 
spreading. 

When a drop of tobacco virus solution is placed upon a concentrated am- 
monium sulfate solution, the drop spreads over the surface because the surface 
tension of the water is less than that of the salt solution. We have observed 
that one drop of distilled water (0.05 ml) spreads on a saturated ammonium 
sulfate solution to form a film 5 x10-4 cm thick and of an area of about 100 sq. 
cm, as shown by the pushing back of a film of indicator oil on the surface 
of the solution. A pressure of only one dyne per cm causes the immediate 
collapse of the circular area covered by the water film. 

The rate of diffusion of salt from a solution into an overlying layer of initially 
pure water can be calculated by methods used in problems of heat conduction.® 


* Ingersoll and Zobel, Mathematical Theory of Heat Conduction, Ginn and Co., New 
York, N.Y., 1913; see especially Eq. (25) on p. 70. 
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Consider a salt solution of concentration ¢, on which is placed at time 
t= 0, a layer of water of thickness b. Then, if x is the depth below the 
surface, the concentration c is initially 0 between x = 0 and x = 5, and is 
€) for x > b. The concentration gradient has a maximum value at x = b which 
is given (for not too large values of t) by 

dc/dx = (¢/2)(xDt)-/, 
where D is the diffusion coefficient of the salt. 

For values of x small compared to 6, the concentration gradient is at first 
very small but rises to a maximum and then decreases toward zero. The 
maximum value of dc/dx occurs when t = 4*/6D and is given by 

(dc/d) maz = 0.93 c¢9x/b 
At this time the concentration at the surface x = 0 is only 0.084c,; at x = 
= b/2 it is 0.198cy and at x = b it is 0.5003c,. The concentration gradient 
at x = b/2 is then 0.45c,/b. 

The diffusion coefficient D for salts in water is of the order of magnitude 
of 10-® cm*/sec. Thus the maximum concentration gradients close to the 
surface will occur within less than a second, even if the water film has 
a thickness as great as 0.08 mm, which corresponds to 0.8 ml per 100 sq. cm. 

Although the concentration gradient reaches its maximum within such 
a short time, the actual concentration of salt in the surface (at x = 0) approaches 
its limiting value very slowly. Thus to reach 0.9c, will require a time 325?/D 
and to reach 0.99c, takes t = 3200b?7/D. With b=5 x10"? cm, D= 10° 
cm?/sec. One hundred and sixty seconds would be required for c = 0.99 
and four and one-half hours for c = 0.99c,. 

The thick films of tobacco virus observed by Seastone and confirmed 
by our experiments thus appear to be essentially salted-out films in which 
the protein is forced to the surface by the concentration gradient of the salt 
until the protein concentration becomes so high as to cause a crystallization 
of the protein into a thin sheet. 

Recent work®!° has shown that highly purified tobacco virus solutions, 
if stronger than 2%, separate into two phases on standing. The lower layer, 
usually water clear, is liquid crystalline; the upper layer, which is slightly 
turbid, shows, on gentle agitation, anisotropy of flow. 

X-Ray examination has shown that in the denser phase the rod-shaped 
molecules lie with their axes parallel, but in a plane perpendicular to this 
direction the molecules are arranged in a hexagonal close packed lattice with 
a spacing which varies continuously from 150 to 600 A, depending upon 
the concentration of the solution. The lower limit of 150 A, obtained when 
the water content is very low apparently corresponds to the diameter of the 
molecular rods. 


* F.C. Bawden, N. W. Pirie, J. D. Bernal and I. Fankuchen, Nature 138, 1051 (1936). 
10 J.D. Bernal and I. Fankuchen, ibid. 139, 923 (1937). 
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The forces that hold the molecules apart in the hexagonal lattice are recog- 
nized as being electrostatic forces associated with the negative charges on the 
molecules. The intervening water must therefore carry an excess of ions 
of the opposite polarity. The spindle-shaped crystals of tobacco virus observed 
by Stanley and others have been shown to have a similar structure and are 
thus tactoids in which the distance between molecules depends on the water 
content. 

We believe that in our experiments the concentration gradient of ammonium 
sulfate forces the tobacco virus to the surface in such concentration that this 
denser phase appears. Probably the molecules are arranged with their axes 
parallel to the surface and in transverse directions are packed in a hexagonal 
lattice. 


Films Salted-Out onto Plates 


The salted-out films of insulin produced on a plate by applying a few 
drops of insulin solution and then washing this off by pouring over it a salt 
solution were very non-uniform in thickness. We attempted in several ways 
to develop a technique of producing uniform films. 


Using one method, we saturated filter paper, blotting paper or silk fabrics with an insulin 
solution, applied this in one or more layers onto a wet, conditioned barium stearate multi- 
layer and placed on top of this other layers of porous paper or fabric wetted with salt solution. 
After two minutes the layers of paper were lifted off, the film was washed with water and dried, 
and the thickness was determined by matching the color of the specularly reflected light with 
than given by a barium stearate stepped color gage.4* With 0.05 ml of 0.1% insulin on 3 sq. 
cm filter paper covered with paper saturated with 90% saturated ammonium sulfate solution, 
a film 220 A thick was produced. 

This represents nearly 20% of the protein applied to the paper. With more concentrated 
insulin solutions (up to 10%) film thicknesses, in some cases as great as 650 A were obtained, 
but the fraction recovered was much less. The films produced by this method were usually of 
unsatisfactory uniformity. 

The best method we have found for producing salted-out films directly on a plate is as follows: 
A prepared plate covered with barium stearate multilayers is conditioned by thorium nitrate 
8o as to render it hydrophilic and it is then dipped into a solution of the protein. It is important 
that the plate first should be rendered hydrophilic for otherwise when it is dipped into the 
protein solution a film is deposited on the down trip. 

The plate is lifted from the protein solution at a rapid uniform rate, the adhering liquid is 
allowed to drain for a few seconds and the surplus removed from the lower corner of the plate 
by filter paper. The plate is then quickly immersed into a strong salt solution in a beaker 
and allowed to stand for a few minutes. It is then taken out of the salt solution and dipped succes- 
sively for twenty seconds into each of several beakers containing 1% tannic acid solution. The 
plate is then washed thoroughly in distilled water, dried and the thickness of the protein film 
is measured optically. 

The tannic acid renders the protein film insoluble so that it can be washed with water without 
loss. Salted-out films of insulin, however, suffer no loss, even without the tannic acid treatment. 


11 K. B. Blodgett and I. Langmuir, Phys. Rev. 51, 964 (1937). 
11 [, Langmuir, V. J. Schaefer and H. Sobotka ¥. Am. Chem. Soc. 59, 1751 (1937). 
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When tannic acid is used with insulin the films is 12 A thicker. We assume that with other 
proteins the use of tannic acid gives a similar increment of thickness. 

The thicknesses of films of insulin, salted-out from a 0.5% insulin solution by applying so- 
dium chloride solutions, increase from 90 A with 0.3% salt to a maximum of 340 A with 
1% salt, decreasing to 190 A at 3% and to 140A with salt solutions between 10 to 35%. Va- 
riation of the pH of the salt solution between 4 and 7 gave little or no change in thickness. 

Salted-out films of pepsin (Eli Lilly’s, 8000 units per gram), formed by using saturated am- 
monium sulfate solutions at pH from 2 to 5 gave 100 A from a 0.1% protein solution, and 
up to 600 A with a 5% protein solution with a 0.5% pepsin solution, thicknesses of only 50 A 
were obtained with ammonium sulfate up to 25% saturated, and the thickness increased 
from 150 to 225 A as the concentration of the sulfate solution was raised from 50 to 100% 
saturation. 

The salted-out films produced in this way were very uniform, but scattered a good deal 
of light (more than the films produced by the use of impregnated filter paper). 


Films Salted-Out on the Surfaces of Salt Solutions 


A tray is filled with a strong solution of some salt such as ammonium sulfate, or magnesium 
sulfate and its surface is cleaned in the usual way. Barriers are placed across the tray to delimit 
a definite area. 

A graduated 1-ml hypodermic syringe is filled with the protein solution and by a micro- 
meter screw the plunger is forced down a definite distance so as to deliver a given volume 
of solution. By Gorter’s method the protein solution is introduced from the needle just under 
the surface of the salt solution. Because of the relatively high density of the salt solution, it is 
equally satisfatory to let drops of the protein solution fall upon the surface. Another method, 
which we call the ‘‘band method,” consists in distributing the protein solution along a line near 
the edge of a thin nickel or platinum band which has a length equal to the width of the tray and 
has been cleaned by heating in a flame. Before the protein solution has dried, the band is low- 
ered slowly edgewise into the tray close to one end of the delimited area. 

The protein solution applied by either of these methods spreads rapidly over the salt solu- 
tion, and the protein is driven to the surface by the concentration gradient. If the bottom of the 
tray has been made black (by black Bakelite varnish, baked on, or by a sheet of black glass) 
and the thickness of the protein film on the solution exceeds about 200 A it is visible because 
of the increased reflection from the surface. There is usually a part of the surface farthest from 
the point of application that is covered by an invisible monolayer, 10-20 A thick, which was 
formed from the first portion of the applied protein solution and which was pushed against the 
barriers and so retarded the further spread of the protein solution. A surface pressure of about 
15 dynes per cm can be observed against a movable barrier under these conditions. 

The salted-out film on the surface should be allowed to age for two minutes so that it may 
reach its maximum thickness and_ stability. 


Optical Measurement of Thickness 


Sometimes the salted-out protein films on the salt solutions are so thick, 1000-7000 A, that 
interference colors are seen. There are two convenient methods of producing films of known 
thickness on water which serve as comparison standards. A few drops of 10% sulfuric acid applied 
to the edge of a barium stearate multilayer (49 to 120 layers) on glass creeps under the film 
and detaches it so that it may be floated off onto water in a tray. Since water has a lower 
refractive index (m = 1.33) than the film (m = 1.50), the interference colors are complementary 
to those observed when the same film is on chromium or on glass of refractive index higher than 
1.55. 

Table I gives the number of layers and the thickness of barium stearate multilayers on water 
which give various colors when examined at an angle of incidence of 45°. 
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The second method consists in spreading a weighed amount of indicator oil (partially oxi- 
dized lubricating oil) on water and compressing the film between barriers to confine it to known 
areas so that the thickness can be calculated. The relation between the thickness and the color 
of the oil films was approximately the same as that of the stearate films given in Table I. 


Tasre I 
Colors of Thin Oil or Stearate Films on Water 
Observed with Unpolarized Light at i = 45° 








Color | No. of layers | Thickness, A 
Gray anceag ace ee tera ; 33 800 
Faint yellow, first order... .. 49 1200 
Wellowy 52 2555: Sicsccep Se 8 SS 57 * 1400 
Dark yellow .......... 65 1600 
Yellow-rred . 2... 2... ee ee 73 1800 
Bluish-red 81 2000 
Purple-blue. ........2.4. 89 2200 
Ble) 6. bose a. sel 0 eee ae 97 2400 
Bluish-green . 2... ....2.. 105 2600 
Yellow-gren .......... 115 2800 
Yellow, second order ...... 122 3000 











A salted-out film produced by applying 0.3 ml of a 1% solution of commercial egg albumin 
in succesive drops to the central portion of a 100/cm area of a 90% saturated ammonium sulfate 
solution gave at the point of application a disk of about 5-cm diameter showing a light yellow 
color, while on the solution. The film around this disk showed only a gray color. Some of the 
film from the colored disk, transferred to a chromium plate by the “‘lift method” (to be de- 
scribed later), fixed by dipping into 1% tannic acid, then washed and dried, gave a purple- 
blue, about the same as that given by 45 layers of barium stearate on chromium observed at 
i= 50°. A portion of the same film transferred to a fused quartz plate, nm = 1.46, showed 
a yellow color. On a microscope slide (m = 1.51), the color was light blue, while on lead 
glass (n = 1.6) the film gave an intense blue color. These data show that the film had a refractive 
index between 1.46 and 1.51, probably close to 1.48, and that the thickness was about 1100 A. 
‘The refractive index of protein calculated from that of solutions is usually found to be approxi- 
mately 1.58. It has been shown previously” that built-up films of egg albumin gave a re- 
fractive index for Na light of 1.50. Thus it is probable that the salted-out films and the built- 
up films contain water or air which lowers the refractive index. Experiments show that paper wet 
with a drop of octane held above a thick salted-out protein film on water or over the same film 
deposited on a chromium plate produces striking changes of color just like those observed by 
bringing these vapors in contact with skeletonized barium stearate films. These facts seem 
to indicate that these thick protein films are skeleton films which contain a considerable pro- 
Portion of water or air. 

Similar films of 1200 A thickness were produced by applying 0.5 ml of a 1% solution of 
crystalline pepsin (Northrop) to 90% saturated ammonium sulfate. 

Dr. W. M. Stanley gave us a 1% solution of some centrifuged monodispersed tobacco mosaic 
virus. When 0.1 ml was applied to 100 sq. cm of 90% saturated ammonium sulfate solution, 
a grayish colored film of considerable rigidity was covering an area of about 55 sq. cm. This 
‘was deposited upon a chromium plate and fixed in 1% tannic acid. After washing and drying, 


13K. B, Blodgett, ¥. Phys. Chem. 41, 975 (1937); see p. 980. 


Google 


Salted-out Protein Films 59 


the film, when examined with the R, ray at large angles of incidence, showed a second-order 
yellow corresponding to a thickness of 120 barium stearate layers or 2900 A. At an angle of 
incidence i = 45°, this gives a purple color. Thus we should expect the film on water before 
deposition on the plate to have shown the complementary color, viz., a second-order yellow 
(see also Table I). During the growth of the film, the colors should have changed from first- 
order yellow through purple, blue-green, to second-order yellow. Actually, however, the films 
on water show only a strong grayish reflection, which forms a strong contrast with a clean water 
surface. 

The probable explanation of the absence of interference colors of the tobacco virus films 
on water is a graded lower boundary which does not provide the definite reflection needed for 
interference. When the film is deposited on a plate, fixed, washed and dried, the upper surface 
which was previously the lower surface now has a definite boundary and gives good inter- 
ference colors. 

With several proteins, egg albumin, pepsin, urease, edestin and horse globulin, we have 
observed that the salted-out films formed are of a composite type. Thus, if a drop of a 1% 
solution of one of these proteins is applied to the center of the clean surface of a 90% satur- 
ated ammonium sulfate solution about 100 sq. cm in area, a faintly visible gray film instantly 
covers the surface followed within a few seconds by the formation in the central part of a cir- 
cular area 2 to 5 cm in diameter which first appears black (similar to a clean surface). This 
area is soon filled in with a grayish film, starting at the outer edge and gradually filling the 
interior with a uniform film which gradually increases in reflecting power. A second drop 
applied to the same place sinks into the salt solution and then rises and dissolves this film, 
producing a black region as previously described. This is followed by the appearance of a film 
similar to the previous one in formation but much thicker, often showing intense interference 
colors extending even into second-or third-order colors, depending largely on the purity and 
concentration of the protein solution used. 

A large area of the film on the surface, including the colored spot, is now deposited on 
a chromium plate and is fixed by gently flooding over the surface a 1% tannic acid dissolved 
in 90 % ammonium sulfate saturated solution. After washing and drying, it is usually found 
that interference colors are seen not only on the central disk but also far out into the surrounding 
area. Within the disk the thickness of the film as determined by the colors observed after de- 
Position agrees with that determined from the color seen on the salt solution. The portions 
surrounding the disk, however, now give colors which correspond to very great thicknesses, 
often as large as 7000 A. 

These phenomena seem to show that these salted-out protein films are essentially compo- 
site and consist of two layers, a diffuse layer which has an indefinite lower boundary and thus 
produces no interference effects while on the solution, and a second or compact layer which 
overlies the diffused layer on the solution and which has a definite lower boundary giving 
good interference colors. The compact layer is of uniform thickness within the central disk 
and gradually decreases with increasing radii over the surrounding surface. The diffuse film 
is far thicker than the compact film and decreases steadily in thickness as the radius increases. 
Originally, while the film is on the solution, the diffuse film has a maximum thickness under 
the central disk; but while depositing this on the plate and subsequently fixing it with tannic 
acid, the thickest parts of this diffuse film usually break away, within a circular area, leaving 
within this only the compact film on the plate. By agitating the salt solution under the film 
or by more vigorous treatment with tannic acid fixing solution, the area from which the dif- 
fuse film is removed may be increased greatly without altering the thickness of the compact film. 

The thickest compact films are obtained by using protein solutions of very high purity. For 
example, we find that solutions of pure crystalline egg albumin (given by Dr. P. A. Levene) 
give far thicker compact films and form them in far less time than when an impure egg albu- 
min is used. 
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The compact film, which is usually very uniform in thickness over the central disk, acts 
as though it were a single crystal sheet; the diffuse film frequently may be seen upon stirring 
the underlying solution as a veil which scatters an appreciable amount of light and can be moved 
about under the compact film. It perhaps consists of a suspension of very fine crystals. 

With insulin we have not been able to produce these composite films. When this protein 
is applied to a 90 % ammonium sulfate solution, a white cloudy precipitate is formed but no- 
coherent film. On 1 % ammonium sulfate the insulin spreads to form a monolayer. When a 1 % 
insulin solution is applied to an unlimited area of a 1% sodium chloride solution, an insulin 
monolayer is formed, but with a restricted area the pressure builds up to F = 18 dynes per 
cm and a circular grayish area appears, which after deposition on a plate gives a thickness of 
115 A. It is not necessary to fix this deposited film with tannic acid, for it can be washed 
gently with water without loss. However, the salted-out film formed on the salt solution gradually 
decreases in thickness to 50 A if left for five minutes before deposition. 

In many experiments we have made estimates of the total amount of protein which can be 
recovered in the salted-out films by transferring them to metallic surfaces, or we have deter- 
mined the protein content per sq. cm by a method which we shall describe later involving the 
production of monolayers on another water surface. In general, with pure crystalline egg albu- 
min, tobacco and pepsin, there is a very high recovery in the film. 

With impure proteins such as commercial egg albumin or pepsin, the fraction of applied pro- 
tein which is recovered in the salted-out film is much lower. Apparently there is a purification 
of the crystallizable protein involved in the formation of the salted-out film, so that the yield 
serves to measure the crystallizable protein content. 


Properties of Salted-Out Films 


The thick salted-out films of protein, particularly the compact ones, possess considerable 
mechanical strength and are relatively incompressible. When subjected to moderate pressure, 
they can be lifted off the solution on a loop of platinum wire. 

A film produced from crystalline egg albumin, on an ammonium sulfate solution, having 
a thickness of 1000 A and showing a light yellow interference color, was found to be under 
a pressure of F = 23 dynes per cm at the time it was formed. On raising the pressure to 30 
dynes per cm the area decreased only 2 % corresponding to a compressibility of 0.0030 for 
each dyne per cm. On raising the compression to F = 50, the area decreased 17 %, corres- 
ponding to a compressibility of 0.0080. At this higher pressure groups of parallel wrinkles be- 
gan to appear, especially when slight shearing stresses were applied. At F = 54, the whole 
surface became wrinkled and collapse set in. For comparison we note that a monolayer of egg 
albumin on water decreases to half its area when F is raised from 1 to 25 and to one-quarter 
the original area at F = 34. In the F range from 23 to 30 the compressibility was 0.07 for the 
monolayer as compared to 0.003 for the salted-out film. 


Transference of Salted-Out Films to a Water Surface 


If a piece of nickel or platinum foil cleaned and made hydrophilic by 
heating in a Bunsen flame, is lowered into a salt solution covered by a salted- 
out protein film under compression of F = 30 dynes per cm produced by 
a drop of oleic acid, and is then raised out of the solution, the film is de- 
posited on the foil as a hydrous B-film. If, now, before the water film under 
the protein film has dried, the foil is lowered into clean water in another tray, 
the protein film escapes onto the water surface. 

Salted-out films of many proteins, such as pepsin, insulin, and egg albumin, 
when transferred in this way to water, which preferably has its pH adjusted 
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to the isoelectric point of the protein, spread out apparently without appreciable 
‘loss to form typical monolayers. By measuring A,, the area of the monolayer 
at some value of F, such as 16 dynes per cm, and determining the thickness 
T, of the monolayer at the same compression, we can calculate the weight, 
W,, of the protein transferred to the water by the relation 

W, = 1.3x 10-5A,T, (1) 
where W, is expressed in mg and TJ, in A. 

The thickness 7, can be measured optically after depositing the monolayer 
on a barium stearate multilayer film of critical thickness (45-47-49 layers), 
preferably by the ‘‘lift method” in which the plate is lowered horizontally 
‘onto the monolayer (H-layer) and then after the surface has been cleaned, 
raised from the water. By this method a single monolayer of A,-type is de- 
posited. 

The thickness 7, of the original salted-out film can now be calculated from 
the equation 

T, = A,T,/A, (2) 
where A, is the area of the ‘‘lifted film” taken from the salted-out film. 
Our experience has been that this is usually a more accurate method of deter- 
mining 7, than a direct optical measurement of the salted-out film on the 
water or on a plate upon which it may be deposited. The reason for this 
is that the optical measurements are often difficult because of a relatively 
large amount of scattered light from the thick protein films. The method, 
however, is not applicable to tobacco virus and other proteins which do not 
spread to form monolayers. 

Table II gives a summary of data obtained in studies of salted-out films 
-of various proteins on 90% saturated ammonium sulfate solutions. The insulin 
(L) was a pure crystalline product obtained from Eli Lilly and Company, 
while the pepsin (L) was a commerical grade from the same source having 
an activity (skim milk test) of 8000 units per gram. A similar test of the 
activity of Northrop’s crystalline pepsin (N) gave 50,000 units per gram. 
‘The egg albumin (L) was also an impure commercial product. 

The third column gives the concentration of the protein solution in percentage 
by weight. A measured volume of this solution (for example, 0.18 ml in 
Experiment 1, and 0.033 ml in Experiment 2) which contained the weight 
W, of protein as given in mg in Col. 4 was applied in the middle of the 
delimited area (Col. 5) by Gorter’s technique. The sixth column gives the 
approximate area of the salted-out film that was produced; Col. 7 gives A,, 
the area of the salted-out film that was deposited onto a plate and subsequently 
transferred to the surface of water (at the isoelectric point of the protein) 
in another tray where it gave the area A, (Col. 8) when subject to a compres- 
sion of F = 16 dynes per cm. The thickness TJ, was found in the various 
experiments to range from 15 to 18 A, so we have taken the average value 
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T, = 16 A. The thickness T, of the salted-out film, as given in Col. 9, was cal- 
culated by Eq. (2) from A,, 7,, and A,. 

The last column gives f, the fraction of the protein applied to the salt 
solution which was recovered in the salted-out film. This was calculated by 
the equation 


B = 1.3x 10-°A,T,/W, (3) 
Examination of the data in the table shows that with a large delimited 


area, Experiments 1 to 3, from 77 to. 94% of the insulin was found in the 
salted-out film, but with the L-pepsin only from 8 to 17% was recovered, 


Tang II 


Salted-Out Protein Films on 90% Saturated (NH),SO, 
T,= 16A at F= 16 dynes/cm 



































1 | 2 3 4 | 5 6 7! 8 9 10 
| Delimited A, ; 
% by | W,, area, A, ; AL, 8q. cm ' 
Expt. Protein weight | mg 8q.cm_ |sq. cm)sq. em] F= 16 T,,A | B 
1 | Insulin (L) 0.1 | 0.18 300 170 | 4 18 72 | 0.88 
2 1.0 | 0.33 300 95| 4 | 63 252 0.94 
3 10 2.50 300 110 | 4 340 1340 0.77 
4 | Pepsin (L) 0.1 | 0.148 300 80| 4 6 24 0.17 
5 1.0 | 0.96 300 100 | 4 15 60 0.081 
6 10 9.6 300 50| 4 127 510 0.035 
7 =| Pepsin (L) 10 2.7 300 30 | 4 42 170 0.025 
8 10 | 48 30| 4 50 200 | 0.016 
9 | Insulin (L) ji 1 50 40| 5 217 700 0.37 
10 i 1 1 100 90/ 5 185 600 0.70 
11 1 1 200 140 | 5 110 350 0.64 
12 | Pepsin (L) 1 1 50 30| 5 53 170 0.066 
13 1 1 100 50; 5 30 % 0.062 
14 1 1 ; 200 100 5 73 116 0.150 
15 | Eggalbumin(L)| 1 1 100 | 90] 12.5 180 230 0.27 





the highest fraction being obtained with the most dilute protein solution. 
The fraction recovered was not greatly dependent on the amount of protein 
solution applied (Experiments 6, 7 and 8). The thickest films were obtained 
with the most concentrated solutions (Experiments 3 and 6) and when the 
largest amounts of the protein solution were applied (Experiments 6, 7 and 8). 
In Experiments 9 to 14 the delimited areas were purposely varied. The fraction 
recovered is somewhat less when the available spreading area is restricted, 
but the thickness T, is made greater in this way (Experiments 9 and 12). 

The high percentage of recovery from the insulin compared with pepsin 
suggested that this might be due to the difference in purity of the two 
proteins. We therefore made some experiments with a crystallized egg 
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albumin obtained from P. A. Levene and a crystallized pepsin from J. H. 
Northrop. With these very high percentages of recovery were obtained. Films 
of various thicknesses, ranging from 100 up to 7000 A, could be obtained by 
regulating the amount of protein in the delimited area. 


The Activity of Pepsin in Salted-Out Films 


Uniform salted-out films of pepsin were produced by applying pepsin 
solutions to 90% saturated ammonium sulfate solutions. The thickness of 
the film was measured optically after depositing it on a chromium plate. 
Another portion of the film was deposited on a plate of known area and the 
protein was washed off with 2 ml of 0.1 M acetate buffer, pH 5, into a test- 
tube containing 1 g of powdered skim milk in 4 ml of the same acetate buffer, 
and the clotting time at 37° was noted. The weight of the protein on the 
plate was calculated from the area, and thickness, assuming a density 1.3. 
In this way the activity per gram was determined. Similar tests of activity 
were made by introducing known weights of protein directly into the milk 
solution. 

The results showed that Northrop’s pepsin (50,000 units per gram) gave 
salted-out films having at least 90% of the activity of the original protein. 
On the other hand, with a commerical grade of pepsin (8000 units per gram) 
salted-out films were obtained which gave (per gram) four times the activity 
of the impure pepsin applied to the salt solution, although they were still 
only about 60% as active as the crystalline pepsin. 

The production of salted-out films may thus prove to be a rapid and 
convenient microtechnique for purifying small amounts of various proteins. 
By the choice of the proper salt and concentration it should be possible to 
separate proteins from one another and to measure the amounts. 


Summary 


When a glass or metal plate is dipped into a protein solution, then into 
a concentrated solution of a salt such as ammonium, sodium or magnesium 
sulfate, or sodium chloride, a compact film of protein often 200-1000 A 
thick is salted out onto the plate. This can be fixed by 1% tannic acid and can 
then be washed with water without loss. After it has dried the thickness 
can be determined optically by interference colors. Insulin films, formed by 
using 1% sodium chloride solution, need no tannic acid treatment. 

Salted-out protein films, in some cases up to 7000 A in thickness, are 
formed on the surface of salt solutions by applying a few drops of the pro- 
tein solution. These can be deposited as hydrous B-films or as lifted A, 
films onto plates or small pieces of metal foil, and they can thus be trans- 
ferred to clean water surfaces where the amount of the protein can be measured 
from the area of the monolayer produced, or they can be fixed by tannic 
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acid, washed and dried and the amount of protein per sq. cm determined 
optically. 

The refractive index of dried salted-out films of crystalline egg albumin 
was found to be 1.48. This low value and the power of the film to absorb 
hydrocarbon vapors indicate that the dried film has a skeleton-like structure. 

The formation of these films at the surface of the solution or on a plate 
is aided by the concentration gradient in the salt solution. This carrying 
effect is analogous to the Ludwig-Soret phenomenon by which a solute originally 
uniformly distributed through a solution tends to concentrate in a portion 
of the solution which is cooled. 
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‘THE CYCLOL hypothesis has yielded a cage structure C, for the insulin mole- 
cule.423 This structure has a skeleton framework lying on the surface of 
a truncated tetrahedron (hereafter called the C, polyphedron) whose faces 
are parallel to those of a regular octahedron having 6 corners S, as shown 
in Fig. 1a. The arrangement of the carbon and nitrogen atoms in the skeleton 
(cyclol fabric) which forms two of the faces of the C, polyhedron is shown 
in Fig. 1b. 


lezoaa 








Fic. 1a. The C, truncated tetrahedron (heavy lines) and the C, octahedron 
(light lines), showing on the front half the centers of lacunae at the midpoints of 
edges E, the centers of faces F and at points T midway between F and S. 


The dimensions are determined by a, the only metrical parameter of the 
cyclol structure, which, being a mean between the C—C and the C—N bond 
lengths, was taken as a = 1.50 A. The shortest distance between the centers 
of lacunae in the cyclol fabric is 4 /2a = 8.48 A; the length of the sides of 
the triangular faces of the C, polyhedron is 7 6a = 25.7 A; the length of 
the slits which form the 3 short sides of the hexagonal faces is //6a = 3.68 A, 


1 D.M. Wrinch, Nature 137, 411 (1936); Proc. Roy. Soc. (London) 160A, 59 (1937). 
2 D.M. Wrinch, Nature 139, 973 (1937); Proc. Roy. Soc. (London) 161A, 505 (1937). 
* D.M. Wrinch, Science 85, 566 (1937); Trans. Faraday Soc. 33, 1368 (1937). 
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and the distance between the parallel opposite faces of the polyhedron is 16a = 
= 24.0 A. 

For many calculations we shall find it convenient to replace the C, polyhedron 
by an equivalent regular octahedron which we shall call the C, octahedron 
whose side length is / = 8j/6a = 29.4 A. This size is so chosen that the 
distance between the opposite faces is the same, (16a = 24.0 A) as the cor- 
responding distance in the C, polyhedron. 





Oc stows 
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Fic. 1b. The C, N skeleton of the cyclon fabric on two faces of the Cy, poly- 

hedron, whose boundaries are given by heavy lines. The light lines are the 

projections of the boundaries of the faces of the C, octahedron which, after 
folding, lie 1 A above or below the face of the C, polyhedron. 


The faces and corners of the C, octahedron are shown in Figs. la and 1b. 
The distance SE between a corner S of a triangular face and E the center of 
an opposite side of the same triangle is 12 /2a = 25.5 A, which is three times 
the shortest distance between lacunae. Thus there are lacunae at E, the 
midpoints of edges; at F, the centers of faces; and at T, the midpoints between 
F and S. 

The faces of the C, polyhedron and the corresponding faces of the C, 
octahedron are parallel and are separated by the distance (2/3)a = 1.0 A; 
four of the faces of the polyhedron lie within and the other four lie outside 
the octahedron. The surface area and volume of the C, polyhedron are, res- 
pectively, 762 3a? = 2970 A? and 2003 )/3a = 11,710 A’, which differ very 
little from the corresponding values for the C, octahedron 768 j3a* = 2993 A? 
and 2048 /3a = 11,970 A%, respectively. 
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The final test for the correctness of a structure of molecules which form 
a crystal lattice is that it should be in agreement with deductions properly 
made from X-ray data. It was found? that the C, molecules, each having 
a trigonal axis parallel to the trigonal axis of the insulin lattice, fit the 
rhombohedral cell of the insulin lattice given by an X-ray analysis.‘ They 
can be arranged with any orientation 6 in the corresponding hexagonal cell, 
and this single parameter was necessarily left undetermined until further 
information should be obtained from X-ray studies. 

The necessary data are now available through Crowfoot’s recent measure- 
ments’ of insulin crystals (59 terms). Her data were summarized in five 
Patterson-Harker diagrams, which are reproduced herewith* in Figs. 1c 
to 5. 








Fic. 1c. P(xyo) projection of Patterson-Harker map for insulin. 
Origin in center. 


Diagrams of this kind must be sharply distinguished from electron density 
maps which have played so large a part in establishing the structures of mole- 
cules containing relatively few atoms. The Patterson-Harker maps represent 
not distributions of matter in space but of vectors erected at a common point 
or origin, each vector giving in magnitude and direction the distance between 
two atoms in the original stucture. The Patterson-Harker diagrams obtained 
from the X-ray data are essentially sections or projections of a three-dimensional 


* D. Crowfoot, Nature 135, 591 (1935). 

5 D. Crowfoot, Proc. Roy. Soc. (London) 164A, 580 (1938). 

* The figures given by Crowfoot map the contours within a single rhombohedral cell. 
Since we wish to consider the molecular rather than the crystal structure, we have fitted to- 
gether four photographic enlargements of each of Crowfoot’s figures and have so obtained 
maps of the whole neighborhood around the central molecule. The lettering, the scales, and 
the polygons corresponding to the projections of the Patterson-Harker octahedron, of side 21, 
were drawn in on these composite enlargements and they were rephotographed for the figures 
of this paper. 
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map showing the distribution of these vectors in space. They constitute an 
intermediate step between the X-ray photograph and the determination of 
the molecular structure. Whereas the electron density maps make it pos- 
sible to confirm a structure directly, the Patterson-Harker diagrams need to 
be interpreted before they become of use. 

In the case of the insulin lattice, Crowfoot has performed the transition 
from the X-ray pictures to the Patterson-Harker diagrams but has not ac- 
complished their interpretation. 

In a recent preliminary investigation,’ however, it has been found that all 
the 18 peaks per molecule on Crowfoot’s xy-plane projection (A, B, and C 
in Fig. 1c) lie in the positions to be expected if the insulin molecule is charac- 
terized by regions of high electron density at the 6 corners (S) of the C, 
octahedron shown in Fig. 1a. 

Thus, taking in turn each of the 6 corners of the C, octahedron of side /, 
and drawing lines to the other 5 corners, we obtain 30 vectors. Erecting these 
from a common origin, we find that 6 give points at the corners of a similarly 
oriented octahedron of side 2/ = 58.8 A and the other 24 give two points 
at each of the midpoints of the 12 edges of the same octahedron. These points 
thus constitute the Patterson-Harker diagram of the S points of the C, 
octahedron. 

If we project these 30 points upon a plane parallel to any face of the 
octahedron (the xy-plane), we find that 6 lie at the corners of a regular 
hexagon of side length 16 j/2a = 33.9 A, 2 at each midpoint of a side (lines 
connecting adjacent corners) and 2 at each midpoint of lines connecting alternate 
corners. A hexagon of this size has been drawn in Fig. 1c having its center 
at the origin with its axes turned through 6° corresponding to the previously 
undetermined® angle 6. The points, designated A, B, and C by Crowfoot, 
in Fig. 1c lie in positions which correspond to the projections of the Pat- 
terson-Harker diagram of the slits S of the C, molecule. 

The Patterson-Harker diagram given by points which lie on or within 
the C, octahedron of side / thus consists of points on or within a similarly 
oriented octahedron (the PH octahedron) of side 2/. In Fig. 2 the cross 
section of the PH octahedron, through its center and parallel to the xy-plane, 
has been drawn about the origin. This hexagon is obtained by joining the 
midpoints of adjacent sides of the hexagon in Fig. 1c. In Figs. 4 and 5 
the projections of the edges of the PH octahedron on to the plane of the 
section are shown, neglecting the effect of the slight rotation of the PH 
octahedron through 6 = 6°. 

Crowfoot used rectangular coérdinates x, y, z to describe the position 
of peaks, and we shall describe the sections cut through the Patterson-Harker 
maps in this way; but, because of the trigonal symmetry of the lattice and 


7 D.M. Wrinch, ¥. Am. Chem. Soc. 60, 2005 (1938); Science 88, 148 (1938) 
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molecule, we prefer for other purposes to use polar coérdinates z, 0, @ 
where @ is tan“ y/x and 0 is the distance from the z-axis. 

We shall use M to designate molecular centers: M, for that at the origin, 
M’ for the next one along the z-axis at x = c = 30.9 A, and M,, Mp, ... Mg 
for the 6 nearest neighbors near the x, y plane in the positions indicated 
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Fic. 3. P(xy"/,c) section of Patterson-Harker map. 


in Fig. 3. Thus M, and Mg are located, respectively, at z = +10.3 A, 
6 = +30°, 9 = 43.2 A, while the positions of the others are obtained by 
successive rotations through 120°. The distance M, to M, is 74.8 A. 

The agreement we have noted between the projection of Fig. 1c and 
the projection of the PH octahedron suggests that the A, B, and C peaks 
represent the S points of the C, octahedron. However, the points on the 
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PH octahedron are not all in one plane. The A and C points lie at s = +24 
and the B points at z = 0. The calculated coordinates are given in Table II. 

It is thus important to examine the sections of Figs. 2-5 to see if the 
maxima whose projections give the A, B, and C points in Fig. 1c really lie 
at the proper values of z. 

We are handicapped in this study by the fact that the sections of Figs. 4 
and 5 are taken at 6 = 0 and 90°, while the maxima are to be expected 
at 6 and 96°. Figure 2 is a section which, for different molecules, corresponds 
to values of z = 0, and +10.3. Similarly, Fig. 3 gives z = +5.2, and 15.5. 
None of these sections comes at s = 24, where the A or C peaks lie. However, 
the section at z = 25.8 is close enough to locate the peaks reasonably well. 

Referring to Fig. 5, we see in fact that the A peak for My, lies close to 
the upper M, molecule at z = +24 and a value of o only a few per cent 
less than 9 = 33.9 which corresponds to the calculated PH octahedron (see 
Table II). 

In Fig. 4 at zs = +3 A, 6=0°, o = 10 A, there is a well-defined peak 
which we identify as the A peak belonging to M, (which lies at z = —20.6). 
With respect to M, this peak lies at s = +23.6. From Figs. 1c and 2 we 
see that its position with repsect to M, corresponds to = 216°, for which 
z should be +24. 

The A peaks appear in their proper positions in Figs. 1c, 2, 3, 4 and 5, 
and these sections all show that the A peaks are comparatively isolated. 
Figure 4 shows, however, that in one direction, parallel to the z-axis, the 








Fic. 4. P(xoz) section of ‘Patterson-Harker map. 0 = 0°. 


A maximum is connected through a point J to another maximum A’, which, 
although really a separate peak, contributes to the A peak seen in the projection 
of Fig. 1c. We shall discuss the origin of J and A’ later. 

The data prove that the A peaks lie alternately above and below the 
x, y plane at distances +24 A, which is the distance between opposite 
parallel faces of the C, octahedron. We note from the section 6 = 90° (Fig. 5) 
that the molecule at the origin must have one of its slits S at 6 = 96°, z = 
+12 A, but there is no slit at —12 A for this value of 0. Since there is 
only one molecule in each rhombohedral cell, we conclude that all the mole- 
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cules in the crystal lattice given by these diagrams are so oriented that an 
apex of the triangle forming the upper face of the C, octahedron is located 
at 6 = 96 but none at 276°. 

The points in the PH octahedron which correspond to the B peaks lie at 
z= 0 on the corners of the hexagon shown in Fig. 2. There is, in fact, 
a prominent extension of the contours toward this point B, but the presence 
of other maxima B’ and B” prevents us from estimating the exact con- 
tribution of B. We shall discuss the factors that cause these complications in 
this region. 

The calculated coordinates for the C points in Table II give values of 0 
which are the same as for A, but the values of @ are half as great, and 
z is of opposite sign although it has the same magnitude (24 A). Examination 
of Fig. 5 shows a maximum at z = —27, 6= 90°, 9 = 20, not far from 
the calculated position of C at z = —24, 0 = 96°, 9 = 17. The agreement 
might be much better if the section had been taken at 6 = 96°. 

Although the A, B, and C peaks in all the sections agree satisfactorily with 
the positions calculated from the slits of the C, octahedron, it will be recog- 
nized that the 6 slits provide a very incomplete description of the C, structure. 
It is reasonable to hope that the 62 additional maxima and minima per molecule 
listed in Table II, which are seen only in the sections of Figs. 2-5, correspond 
to other characteristic features of the C, molecule, such as the polyhedral 
nature of the skeleton. We may also expect to detect effects due to the 44 
hexagonal lacunae in the positions shown in Figs. 1a and 1b by F, T, and E. 





Density Deviations in Insulin 

Each molecule in the insulin crystal contains several thousand atoms of 
an average atomic weight of about 7. The heaviest atoms are 3 zinc atoms 
per molecule, and there are about 36 sulfur atoms. With the exception of 











Fic. 5. P(oyz) section of Patterson-Harker map. 
0 = 90°. 


these heavy atoms and a few groups of atoms having slightly higher or lower 
density than the average, we may look upon the volume distribution of elec- 
trons as being substantially uniform or at least as varying continuously in such 
a way as to show no fine structure. A slowly varying electron distribution 
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would contribute to the general scattered X-ray radiation, but its effects would 
be eliminated automatically when the Patterson-Harker analysis is made by 
taking only photographic lines whose intensity is estimated visually. The 
finer structure given by the lines, which is the basis of the Patterson-Harker 
diagrams, can thus be regarded as representing positive and negative deviations 
from this assumed smooth volume distribution of electrons. 

In the protein molecule we may roughly assume 0.50 electron per unit 
of molecular weight, whereas in a water molecule we have 0.56 electron 
per unit. Considering that the density of the insulin crystal as a whole is 
about 1.32 and that of water is 1.0, it appears that water has an electron 
density about 16% lower than that of the average of the protein molecule. 
Thus low density may be expected in regions where the water content is 
high or where there are actual voids. Similarly, side chains comprising 
aliphatic or aromatic hydrocarbons would also correspond to minima, while 
the groups containing many oxygen or especially sulfur atoms correspond 
to maxima. 

Taste I 


Density Deviations in the Insulin Lattice 
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In Table I we have listed the points associated with the C, molecule 
where density deviations are to be expected. Thus, the center O of the 
molecule is probably a region of negative density deviation —o, since the 
side chains within the cage are not long enough to reach the center, a dis- 
tance of 12 A from the surface of the C, octahedron. To the slits S we assign 
an intensity +s, since even apart from side chains the atoms forming the 
skeleton are crowded at these points. To the lacunae F, T, and E, presumably 
regions of negative deviations, intensities —f, —t, and —e are assigned. 
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Furthermore, we note from symmetry considerations, and for reasons already 
given,? that the zinc atoms are located near the midpoints along lines con- 
necting the centers of adjacent molecules (except along the z-axis). These 
zinc atoms and the polar oxygen or sulfur atoms probably associated with 
them we designate by Z (intensity +2). We shall find later that there are 
two regions U and V having deviations +u and —v, respectively, probably 
associated with side chains contributed by neighboring molecules which bind 
the zinc. 

If the lacunae are regions of low density, the spaces between them must 
be of comparatively higher density. We therefore may consider that the 
midpoints Q between the centers of lacunae are regions having a positive 
density deviation +q. 

The foregoing assumptions regarding density distribution are designed 
as a description of the characteristic features of the C, structure. The effects 
of individual side chains (except U and V) have been neglected. The C, structure 
is not actually an octahedron and has at least 2 kinds of trigonal faces 
(Fig. 1a). The trigonal symmetry characteristic of insulin could be preserved 
even if the C, molecule had faces of four kinds,’ i.e., with 4 different distri- 
butions of side chains. It may be hoped that the effects of these features may 
also ultimately be taken into account in analyzing the X-ray data. 


Construction of Patterson-Harker Diagrams 

To consider the Patterson-Harker diagrams given by any distribution of 
atoms in space, we take first two points a and 5 of intensities a and B, 
respectively. The diagram associated with these two points comprises the 
vectors of a on a, of b on b, of a on b, and of b on a. Each has associated 
with it the product of the intensities of its two constituents. We therefore 
write 

V([aa-+pb}) = at V(a*) + 6°V(b*)-+aBV (ab)+aBV (ba) 

The terms V(a?) and V(b?) correspond to locations at the origin. It will be 
noticed that the cross terms V(ab) and V(ba) will be positive if a and 6 have 
the same sign, negative if they have different signs. Thus a positive cross 
term will result both when two points of positive intensity are concerned 
and when two points of negative intensity are concerned. On the other hand, 
the cross terms will be negative only when a point with positive intensity is 
associated with a point of negative intensity. These are located at positions 
ab and ba with respect to the origin. 

The A, B, and C peaks that we have previously considered have the 
intensities s*, 2s*—e?, and 2s?—e as given in Table II. It hardly seems possible 
at present to compare the relative intensities of the A, B, and C peaks to 
get the actual ratio in the coefficients. 

Let us now consider the peak A’. This point (Fig. 5) lies close to the 
z-plane about one-third of the way from the origin to A (vector 1OA). 
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We note that in the C, octahedron of Fig. 1a the lines connecting F points 
in adjacent faces lie parallel to the lines S—S between opposite corners and 
are of one-third the length of S—S. There are four such vectors, corresponding 
to each of the diagonals between opposite points, so that the intensity of A’ 
corresponds to 4f*. This is necessarily positive and produces a maximum. 
The point A’ in Fig. 5 at z= +8, 9 = 11.3 A is, in fact, a maximum 
and happens to come almost directly above one of the A points, at z = —4, 
although it is unrelated since A’ belongs to My, while A belongs to My. 


Tasie II 
Maxima and Minima in the Patterson-Harker Maps for Insulin 


The coordinates give the positions with reference to the center of the molecule to which 
they are associated 














1 

rg Character | Vector ido a, A ae pA Intensities 
A Max. I OA 3 +24 | 6430 33.9 +37 
A’ Max. I 1/, OA 3 + 8 | 6430 11.3 +4f? 
A” Min. { 1/, OC 3 +12 | 6430 8.4 —4es+4e9+- 407+ 200 
B Max. II OB 6 0/6 29.4 +28+e8 
B Max. III | */; OB 6 0|6 19.6 +2f% 

Max. III | °/, OB 6 0/6 24.5 +4t* 
BY Max. I «+. {3 or 6 + 3 | ca38430 = ca 22 +200 
c Max. II oc 3 +24 | 6430 17.0 +2s%+-e 
D Max. I 4/, OM’| ... | +12]... 0 +fo 
D’ Min. I 1/, OM 3 + 5| +30 21.6 —2ox 
G Min. I 1/, OB 6 0; 6 14.7 —4es-+4e*+ 419+ 2¢0 
J Max. II 1/, OB 6 0/6 9.8 +228 
K Min. II ae ae 3 2 5 | ca40+30 = [ca 17. —2ou 
N Min. I 1/, OB 6 0| 6 14 —32lq 


























In the second column of Table II, maxima or minima shown in the diagrams are classed 
as follows: I, well-defined isolated maxima or minima; II, maxima or minima whose effects 
are observable although partly masked by neighboring maxima or minima; and III, maxima 
or minima which contribute to but are individually masked by neighboring terms. 


At point D’ there is a well-defined and very symmetrical minimum, shown 
in Figs. 3, 4, and 5. Since it lies at the midpoint along the line connecting 
adjacent molecules, it must receive equal contributions from these. This appears 
to result from the interaction between O and Z, giving a minimum of intensity 
—2oz at D’. Since the two molecular faces adjacent to the zinc are not of 
identical structure, it is possible that the zinc atom is not exactly at the 
midpoint between the two molecules. However, the contours around the point 
D’ (Fig. 5) are not elongated along the line connecting the atoms, so that 
the zinc atom is probably not far from this midpoint. The observed spheroidal 
nature of the D’ minimum may be an effect of neighboring A maxima. 
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The maximum D seen in Figs. 3, 4, and 5 lies approximately halfway between 
centers of adjacent molecules along the z axis from which it must receive 
equal contributions. The interaction between O and F lacunae in the upper 
and lower faces gives a maximum of intensity +f, at z = +12 A. Thus we 
recognize that the maximum D represents the overlapping of two peaks at z = 
+12 A, the elongation in the vertical direction being due to the composite 
nature of this maximum. The size of the maximum gives a rough estimate 
of the maximum dimensions of the low density region O. The D’ minimum 
is of about the same size as the D minimum, both being dependent on the 
dimensions of O. 

The well-defined minimum at A” (Figs. 3 and 5) corresponds to the 
vector 5 OC, and appears to be due principally to the interaction of E and S 
points along the edges between adjacent lateral faces of the C, octahedron. 
This gives an intensity —4es. However, we find that there are other terms 
which contributed to the intensity at this point: four vectors EE, four 
TT, and two DE, so that the total intensity is —4es+4e?+4t*+2e0. The 
fact that we have here a minimum indicates that the 4es term must pre- 
dominate. 

This, and similar observations, enable us to make the rough estimates of 
the relative intensities of the various points given in the last column of 
Table I which seem consistent with all the observed maxima and minima 
of Table II. Accurate values of these intensities must probably await knowledge 
of the distribution of the side chains on the surface of the C, molecule. 

The minimum G in Figs. 2 and 4 corresponds to the vector 1/, OB and 
contains exactly the same terms as the A” minimum and should thus have 
the same relative intensity. 

Figs. 1c, 2, 3, and 4 show high vector concentrations in 6 regions sym- 
metrically arranged about the z-axis. This ‘‘B complex” lies between 9 = 19 
and g = 31 A, covers the range of angles 6 from —20° to +20°, and extends 
over all values of z. Figure 5, which corresponds to 6 = 30°, 90°, etc., shows 
that in these planes the B complex is wholly absent. We recognize several 
definite maxima within the B complex. The principal one, B’, seen best in 
Fig. 4, appears to be due to the interaction of the low density regions O and 
V. Since O is at the origin, the OV term is located at V (see Tables I and II). 
The very strong maximum B” at z = +7, 6=0°, 0 = 29 belongs to M,, 
which lies at z = 10.3 A. Another of the B” points, the one belonging to 
Mg, thus lies at z = —3 A, 6 = 8°, and g = 22 A. The point marked B” 
in approximately this position in Fig. 4 is really 3 A in front of the true B” 
maximum, and this fact accounts for its lower intensity as compared to the 
B” point located at z = +7, 9 = 29. 

This maximum corresponds to a strong negative density deviation near 
the zinc atom Z. Perhaps it is associated with the phenyl group of one or 
two tyrosine side chains which bind the zinc atom. 
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In Table II we have listed two other maxima (B’) which correspond to 
the vectors 4 OB and 3 OB and result from FF and TT terms. They contri- 
bute to the B complex at z = 0 and +10.3. 

The rest of the B complex, extending as it does over all values of z, is 
most readily interpreted as due to the interactions of T lacunae with other 
rather distant T, F, or E lacunae. With a total of 44 E, F, and T lacunae, 
there would be over 1900 vectors connecting them. We have attempted in 
Table II to consider particularly the single terms which are of greatest intensity 
because they contain the more important factors S, F, O, or U or because 
they involve a large number of contributing vectors as a result of symmetry. 
The terms of most significance have been those between extreme points in 
the molecules, such as the S points, for the Patterson-Harker map of these 
points has a simple structure with widely separated points. 

We have naturally not attempted to analyze in detail all the terms involving 
T, E, and F. It does appear, however, from numerous trials that a particularly 
large fraction of the vectors which, involve the more distant lacunae give terms 
that lie within the B complex, well distributed over various values of z. The 
terms are individually of small intensity but add up to substantial values because 
of their large number.® 

We have now considered in Table II 80 well-defined points shown in the 
Crowfoot diagrams. These include nearly all points which might be expected 
to have high intensities. The total number of points per molecule for which 
we have assumed characteristic density deviations (neglecting the Q points), 
as shown in Table I, is 60 to 66 which corresponds to a total of about 
3600 vectors. Many of these, however, coincide. We have not attempted to 
consider all the maxima and minima which would result from these vectors. 
We have considered a large number not given in Table II and in no case 
have we found that they conflict seriously with the Crowfoot diagrams. Some 
of the points come in positions where they are masked by neighboring maxima 
or minima, but many fall in positions where their effect is to modify the 
contour lines in a manner which improves the agreement with the Crowfoot 
diagrams. 

It should be noted that the sections of the Patterson-Harker diagrams 
given by Crowfoot are chosen with reference to axes of the crystal lattice. 
The x, y projection and the sections in this plane show that the trigonal 


® (Note added by I. Langmuir, August 14, 1938.) An alternative and perhaps preferable 
although nearly equivalent interpretation of the B complex is to regard it as being the result 
of the interaction of the slits S with a uniform positive density deviation over the faces of the C, 
octahedron. This gives a PH distribution very closely like that of the B complex. Upon this uniform 
Positive surface distribution over the faces there is then to be superposed the negative deviations 
corresponding to the lacunae which have already been considered. This suggests that in Table I 
q should be taken larger than 0.1 so as to give a positive value for the average density deviation 
over the whole surface. 
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axis of crystal and molecule coincide, but that the hexagonal axes of the 
molecule do not coincide with those of the crystal but are turned through 
an angle about the z-axis of 6 = +6°. 

The Patterson-Harker sections chosen with reference to the crystal lattice 
are, of course, useful in determining the symmetry of the crystal as a whole. 
For example, Crowfoot showed that the insulin crystal has symmetry correspond- 
ing to the R3 space group. She was not able, however, to determine the 
symmetry or orientation of the molecule itself. 

These sections through the crystal lattice are also useful in determining 
the positions and the structure in the neighborhood of all atoms which 
lie midway between the adjacent molecules in the crystal. Thus Figs. 3, 4, 
and 5 give various sections through the maximum at D which is due to the 
overlapping of the EO vectors contributed by neighboring molecules along 
the z-axis. Furthermore, the maximum D’ is located approximately midway 
between other pairs of adjacent molecules and so furnishes direct information 
regarding the location of the zinc atoms and the groups which bind them 
to adjacent molecules. In other words, the crystal lattice sections give the 
location of the molecules and intermolecular structure. ‘ 

To determine the intramolecular structure, however, sections should be 
chosen with reference to the axes of the C, octahedra. The projection of the 
x,y plane, in Fig. 1c, gives directly the value of 6. If sections parallel to the 
z-axis had then been taken at 0 = 6°, 21°, 36°, etc., simply related to the axes 
of the C, octahedron, the diagrams would have shown the intramolecular struc- 
ture in far greater detail. For this purpose it would also be desirable to have 
x, y sections at the height z = h = +24 A and at halves, thirds, and sixths 
of this distance. To obtain these sections needed to bring out the molecular 
structure, it will not be necessary to obtain new X-ray data. These Patterson- 
Harker sections can be calculated directly from Crowfoot’s data on the 
intensities of the X-ray reflections. 

It has been shown? that the distance between faces of adjacent C, structures 
(not along the c-axis) varies from 7 to 13 A as 6 varies. Since the zinc atoms 
and their attached groups lie between these faces, it appears that the angle 
6 is determined by the zinc atom. If we should substitute cadmium or if 
possible mercury for the zinc, we should expect to obtain different values 
of 6. This would change in marked degree the Patterson-Harker sections 
chosen with reference to the crystal lattice but would leave unchanged many 
of the intramolecular features characteristic of the sections which have been 
chosen with reference to the molecular orientation. 

Attention should be called to the particular features of the Patterson- 
Harker diagrams near D’, the midpoint between neighboring molecules. The 
cross terms between the zinc atom and all the other points in the C, mole- 
cules reproduce about D’ as a center, an image of the whole of the C, 
structure of unaltered size and of intensity proportional to z. The minimum 
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at D’ is merely the image of the hollow at the center of the C, molecule 
transposed to the point D’. If we could substitute a much heavier atom 
than zinc and so increase the factor 2, this image should become more 
distinct and show more clearly all the features of the molecular structure. 

We have examined the diagrams in the neighborhood of D’ to see if the 
6 S points in this transposed image of the C, molecule are observable as 
maxima of intensity ++sz in planes given by z = +5+12 A. We find that 
points in 3 locations are obtained: 2 of these fall at the edges of the B complex 
at z = +7 and are masked by it. The third set of maxima lie with hexagonal 
symmetry at 9 = 10° and g = 5 A and so appear to account exactly for the 
hexagonal form of the outermost of the closed curves that surround the 
molecular centers in Fig. Ic. 

Just as we have seen that a high density point half way between molecular 
centers gives about that point an undistorted image of the whole molecule, 
so we must conclude that the vectors between a low density point O at the 
center of each molecule and all the other points in the molecule will produce 
another undistorted molecular image about O as a center but of intensity 
proportional to —o. The central part is, of course, lost because of the 
high central density, but the terms of intensity —os resulting from the inter- 
action of O and S should be present as minima in the diagrams. These 6 
points occur at ?/,OA and in Fig. 5 all lie in the deep trough connecting 
the A’ points. The OE interactions we have already taken into account in 
points A” and G. 

The molecular image produced by the zinc around D’ could be greatly 
enhanced if a very heavy atom such as mercury could replace the zinc. It 
is conceivable that in this way simple structural analyses may be made of very 
complicated molecules. 

The foregoing analysis shows that all the prominent features of the Crowfoot 
diagram are deducible from the C, structure whose octahedron has a side 
29.4 A if a= 1.50 A. During the development of this analysis we repeatedly 
found that as we introduced one by one the more delicate features of the 
C, molecule the more perfect became the concordance between the Patterson- 
Harker diagrams and the Crowfoot pictures. We feel therefore that these 
X-ray data, in giving so perfect a picture of the C, structure, provide the 
experimental basis for the cyclol theory. 


Summary 


Crowfoot’s data on X-ray reflections from insulin crystals, as summarized 
in a set of Patterson-Harker vector maps, are found to correspond in great 
detail to the C, polyhedral structure predicted for the insulin molecule on 
the basis of the cyclol theory. The features of the insulin molecule confirmed 
by the X-ray data include: (1) six high density points at the corners of an 
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octahedron of side 29.4 A, which is the size given by the cyclol theory; (2) 
low density regions near the centers of the 44 lacunae in the cyclol fabric 
that are located in definite positions in the edges and faces of the polyhedron; 
(3) a comparative hollow at the molecular center, i.e., a cage structure; (4) 
three zinc atoms per molecule on lines connecting molecular centers (except 
along the z-axis) and low and high density groups attached to these zinc 
atoms outside the C, structure. 
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With D. M. Wrincu as co-author 


Nature 
Vol. CXLIII, 49, January (1939). 


I 


THE CONFIRMATION by X-ray data! of C,, the 288-residue cage structure 
proposed for the insulin molecule’, makes it of interest to consider the nature 
of the cyclol bond, upon the postulation of which this structure and the cyclol 
theory of protein structure in general‘ depend. The making and breaking 
of a cyclol bond between an NH group of a polypeptide chain and a CO group 
of the same or of another polypeptide chain requires only the migration of 
an H atom thus: 


SNH+OCC = DN (HONCK ; 


The making and breaking of a cyclol bond is therefore a prototropic tautomerism, 
inter- or intra-molecular, which indicates a special type of binding of the 
H atom. (A recent investigation has shown that a similar situation actually 
exists in crystalline diketopiperazine*). As a prototropic tautomerism, it is to be 
sharply contrasted with the making and breaking of a peptide link which, 
requiring the intervention of another molecule, say water, may be written 
—NH—OC—+H,0=—NH,+HOOC—. 


In order to direct attention to the fundamental difference between a prototropic 
tautomerism on one hand and a hydrolysis (or alcoholysis, etc.) on the other 
it is convenient to talk in future of cyclol bonds and peptide links. 

In current usage, the term protein is applied to anything having the chemical 
composition of amino acid condensation products. One class stands out as 
of paramount importance for the understanding of living matter, namely 
the crystalline globular proteins such as trypsin, pepsin and so on. These 
substances are already well defined in a number of ways, and it is with 
proteins belonging to this category that the cyclol theory is concerned. 

Among the properties by which the substances are already characterized 
are the following: 

(1) They have definite molecular weights which are discretely arranged. 

(2) They contain certain numbers of various particular amino acid residues 
and these numbers are frequently powers of 2 and 3. 
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(3) They are soluble in water or salt solutions, but their solubility is affected 
by changes in pH. 

(4) They denature under very slight stimulus. 

(5) They spontaneously form monolayers of extreme insolubility. 

(6) They exhibit a high degree of specificity in biological reactions. 

It has already been shown that the cyclol hypothesis explains (1), (2), (4). 
With regard to (3) and (5), we may point out that the extreme insolubility of 
the monolayer formed from a soluble protein*”* indicates that the globular 
protein has a structure in which hydrophobic groups can be completely masked, 
so leading directly to the idea of a cage structure which presented itself in 
the cyclol theory as a deduction from the geometry of polypeptide chains. 
The lacunae in the fabric allow ionized (and other) R groups to modify 
their positions profoundly in response to changes in pH, and indeed to lie 
inside or outside the cage. The spontaneous formation of protein monolayers 
from globular proteins in solution indicates that weak bonds only are broken. 


O 8 
Oo Go 


Fic. 1. Cyclol-6 (in centre) with its triazine ring dotted. The open- 

ing of this ring yields either three diketopiperazine molecules (shown 

on left) or a closed polypeptide chain of six residues (shown on 
right). 


This we interpret to mean that, in the formation of monolayers, some or 
all of the cyclol bonds are opened, few or none of the peptide links being 
broken, so that protein monolayers consist of polypeptide chains partially or 
wholly decyclized, for the most part without open ends, the hydrophobic 
groups forming a separate phase in the surface. This type of structure explains 
many of their striking characteristics: for example viscosity, elasticity, etc.” 

It may be emphasized that the breaking of cyclol bonds yields different 
degradation products according to the path of fragmentation. Thus cyclol-6 
yields three diketopiperazine molecules or a single 6-residue chain (Fig. 1). 
In standard circumstances, a preferential path of fragmentation, probably 
largely determined by the R-groups, is to be expected®, and it may be 
presumed that one and the same structure will under standard conditions break 
down in a unique way. Further, if preferential paths of breaking cyclol bonds 
be postulated, preferential paths of making cyclol bonds must also be postulated. 
Experiments have recently been reported purporting to disprove the cyclol 
hypothesis, in which glycyl leucine and leucyl glycine dipeptides were mixed 
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and glycyl glycine and leucyl leucine dipeptides were not formed!®. Even 
if triazine rings were formed (and of this no evidence was offered), there 
seems no reason to suppose that the structure will break down to yield anything 
except the original molecules. We are therefore unable to accept these experi- 
ments as evidence against the cyclol hypothesis. 

These suggestions of preferred paths of fragmentation apply equally to 
the globular proteins characterized, on the present view, by a specific set of 
amino acid residues, in a definite spatial interrelationship. They imply that 
for each protein there are one or more points at which the breaking of cyclol 
bonds normally starts. Thus an insulin molecule forming a monolayer would 
form a specific set of wholly (or partially) decyclized polypeptide chains. In 
this way, we can explain the highly characteristic films formed by different 
proteins, which permit an unknown protein to be recognized instantly as 
insulin or pepsin or papain and so on*78, 


II 


From the point of view of biology, cytology and immuno-chemistry, 
however, the most striking characteristic of the globular protein is its high 
degree of specificity. This, we suggest, indicates an organized structure with 
its own characteristic modes of vibration, which depend on the nature and 
arrangement of the various constituent amino acids. Since the breaking and 
making of cyclol bonds is a prototropic tautomerism, we anticipate that in 
appropriate circumstances there may be a kind of resonance in the molecule 
which accounts for the stability of the cyclol fabrics and the cyclol polyhedra. 
The cyclol fabric, a fragment of which is shown in Fig. 2, contains no double 
bonds and thus Frank" believed that ‘‘the cyclol molecule in itself offers 
no chance of constructing a resonant system”. But each triazine hexagon 
has three parallel hydroxyls on the three carbon atoms, the next triazine 
hexagons in the fabric having their three hydroxyls on the other side of 
the fabric. With a symmetrical structure of this kind, it seems highly probable 
that the protons, instead of being attached to individual oxygen atoms, lie 
between the oxygen atoms serving as hydrogen bonds between them. There 
may thus be a marked resonance involving the three oxygens and the three 
hydrogens. Furthermore, resonance on a larger scale between neighbouring 
triazine groups may also be expected. 

This suggestion of intramolecular hydrogen bonds in the cyclol fabric 
is in line with the intramolecular bonds already postulated in a wide variety 
of compounds, including ice, alum, natrolite and other zeolites, oxalic acid 
dihydrate and formic acid, in which oxygen atoms are shown, by crystal 
structure data, to lie abnormally close together?. Such a close distance of 
approach is evidence of considerable mutual energy of oxygen atoms, which 
can only be due to the presence of hydrogen between them’*. For certain 
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compounds, for example, salicylaldehyde and o-nitrophenol, the presence of 
intramolecular hydrogen bonds has been confirmed spectroscopically by the 
non-appearance of the hydroxyl band"*. In these cases the oxygen-oxygen 
distance is about 2.5A, considerably shorter than the distance of 2.7A, 
that represents double the radius of the ion O-- and very much shorter than 
that for neutral oxygen. In the case of the cyclol fabric, hydroxyls are carried 
by three carbons in a triazine ring, which lie at the distance apart of $a V6, 
which is equal to 2.45A if a, a length intermediate between the C-C and C-N 
distances is taken (as has so far been done) as 1.5A. 





Fic. 2. A fragment of the cyclol fabric. The median plane of the 
lamina is the plane of the paper. The lamina has its “‘front”’ surface 
above and its “back” surface below the paper. 

@ =N. 

O = C(OH), hydroxyl upwards. 

© = C(OH), hydroxyl downwards. 

O— = CHR, direction of side chain initially outwards. 
O- = CHR, direction of side chain initially upwards. 


One of the most extraordinary properties of proteins is their specificity in 
biological reactions. The haemoglobin in each different type of animal 
seems to differ in spectrum and in details of its behaviour with oxygen. We 
are thus forced to conclude that, in proteins, certain features of the molecule 
can transmit some effect to other parts of the molecule, particularly to 
prosthetic groups. Such transmission of chemical influence, although observable 
to some extent in such compounds as sterols, seems to exist in a unique degree 
in the proteins: in long-chain compounds, on the other hand, there is practi- 
cally no evidence of such transmissions to distances of more than a few atoms. 
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It is well known that in aromatic chemistry the resonance, for example in 
the benzene molecule, causes substituents in different parts of the molecule 
to have an effect on one another very different from what would be expected 
if no resonance occurred. The high specificity of the proteins therefore in 
itself seems to demand resonance to a degree greater than that in other 
known chemical compounds. It would seem that the cyclol polyhedral structure 
with its sets of rings within rings and its multiple paths of linkage between 
atoms (cf. Fig. 2) should be capable of just such a type of resonance. 

May we not perhaps regard each diazine ring in the cyclol fabric as the 
analogue of an electrical resonant circuit, the natural frequency of which is 
determined by the character of the side chains in this ring? Then resonant 
circuits coupled together would be characterized by n® frequencies, no one 
of which being exactly what it would be if the resonant units were separated 
from one another. An electrical network, the resonant circuits of which have 
the geometry of the cyclol polyhedra, would give very close coupling between 
the adjacent hexagonal units. Thus the structure as a whole should possess 
a wide range of frequencies. The situation is somewhat analogous to that 
in the Debye theory where a crystal has a large number of modes of vibration. 
So in the protein the cyclol structure may be characterized by a whole 
spectrum of frequencies definitely correlated with the symmetry of the structure 
as a whole. Thus if a single factor disturbs the symmetry, it might have 
a profound effect upon some of the characteristic frequencies. If we imagine 
that these frequencies are important in the interactions between proteins 
and in funnelling the energy to certain parts of the molecule, we have a pos- 
sible reason for the important effects produced by apparently minor changes 
in the structure of the protein molecule. 


III 


It appears that a strong case can be made out for the cyclol theory, since 
its implications, derived by simple geometrical arguments, fits the facts sum- 
marized above. The theory depends upon one postulate which thus becomes 
of special interest, particularly as its formulation has occasioned some uneasiness 
in chemical circles. The question then arises as to the possibility of proving 
directly the existence or non-existence of cyclol bonds. 

The work on protein monolayers indicates that only weak forces are 
required to open cyclol bonds. We are of the opinion that many chemical 
techniques are sufficient to rip open the cyclol fabric into polypeptide chains, 
so that the chemist by his very operations may destroy the structure he seeks 
to study. On this view, any apparent contradiction between the cyclol hypothesis 
(which regards the globular proteins as polypeptide fabrics) and the chemical 
data relating to proteins (which appear to show them to be polypeptide 
chains) disappears. The situation is thus reminiscent of that in quantum 
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physics, where the conditions required for the observation of the position 
and velocity of an electron themselves modify the phenomena under study. 
Similarly, it has recently been suggested'* that enzyme studies do not permit 
the deduction that cyclol bonds do or do not exist in globular proteins. 
Direct knowledge of protein structure must therefore depend upon physical 
methods of investigation such as X-rays and spectroscopy, etc. 

The picture of a globular protein with hydrophilic groups on its outer 
surface and hydrocarbon groups in contact within the cage is strikingly akin 
to the picture of the structure of certain micelles to which recent studies have 
led'5. Ions, such as cetyl trimethylammonium sulphate, which contain long 
hydrocarbon chains form micelles in very low concentration. It is found that 
the size of such particles corresponds to a sphere of radius about equal 
to the length of the individual molecules and it is shown that the micelles are 
spherical particles, in which the tails are crowded together in the interior 
and the hydrophilic heads form the outer surface. The micelles in soap 
solutions have a similar structure. 

Little or nothing is known at present as to the path or the nature of 
protein synthesis. We see no reason to suppose that a cyclol fabric forms 
spontaneously from polypeptide chains. If on occasion such cross linking 
occurs, this is probably a relatively unstable state. The non-formation of 
cyclol bonds between simple molecules!*1*1’ is thus irrelevant to the cyclol 
hypothesis and to the problem of the formation of complete globular protein 
molecules. Using the information obtained in recent studies of protein monolayers 
formed spontaneously, we deduce that, in the globular state, the CH, groups 
are completely masked from the aqueous medium. The globular protein in 
water is thus pictured as having its outer surface predominantly hydrophilic, 
the hydrophobic groups lying close together in the interior of the cage. 
A protein molecule of the size of insulin must contain several hundred CH, 
groups to account for the insolubility of the monolayer which it forms. When 
two CH, groups come into contact, energy of the order of 2000 calories per 
gram molecule is involved!*, totalling for a protein molecule of the size of 
insulin, containing at least 300 CH, groups, an energy of upwards of 600,000 
calories. This suggests one possible factor in the formation of a protein cage 
molecule. 

We would also direct attention to the difference between the stability to 
be expected when a single cyclol bond forms within or between polypeptide 
chains and when three cyclol bonds form a triazine ring, and to the still 
more striking difference to be expected between the stability of a piece of 
cyclol fabric and of a complete cyclol polyhedron. Undoubtedly there are 
a number of factors favouring the complete polyhedral structure over and 
above any uncompleted cyclol structure. These may account for the existence 


of cyclol cages even if there should be an intrinsic instability in isolated cyclol 
bonds. 
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THE PROTEINS form a class of chemical compounds that make up an essential 
part of all living organisms. They exist not only in the tissues and muscles 
as fundamental constituents, but they form also the blood serum and the 
various enzymes that play such an important part in the metabolism of ani- 
mals. Pepsin and trypsin, for example, take part in the digestive processes; 
insulin helps to regulate the sugar metabolism. The toxins which are active 
agents in many diseases are proteins, as are also the anti-toxins that the 
body makes to combat disease. 

Within recent years it has been found that the viruses, which were long 
thought to be living organisms, are proteins. Whether or not a protein itself 
can be endowed with life is perhaps a matter of definition, but certainly no 
known class of chemical substances is more intimately connected with the 
phenomena of life than the proteins. 

A very remarkable characteristic of proteins, which is not encountered 
among other chemical substances, is that they show the phenomenon of 
denaturation when subjected to relatively mild heat or other influences too 
weak to produce marked changes in other substances. Most proteins have 
a number of very specific properties; for example, diphtheria toxin is the 
only substance that produces symptoms of diphtheria and diphtheria anti- 
toxin is the only protein that will neutralise the effect of this toxin. Besides 
the particular properties for which a given protein seems to have been designed, 
each protein has a specific antigenic power when introduced as a foreign protein 
into an animal, to cause the animal to generate an antibody (also a protein) which, 
under the proper conditions, can neutralize the effect of that particular protein. 

All of these specific properties are lost when a protein is denatured. Heating 
the protein to 65°C in the presence of water for 5 minutes is usually sufficient 
to denature the protein. If a bottle is half-filled with a dilute solution of a pro- 
tein and is then vigorously shaken for 5 minutes the protein loses its specific 
activities. This is not an oxidation process for it occurs even if the bottle is 
filled with nitrogen. 

Many proteins crystallize in cubic or hexagonal crystals, forms of high 
symmetry, and studies of these crystals by X-rays have shown that this high 
symmetry resides in the molecule itself. 
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There is thus much to indicate that the proteins have highly organized 
structures, and that the properties of these substances depend to a much greater 
degree upon details of structure than is usual among chemical compounds. 

When proteins are boiled with acid they break down into compounds known 
as amino-acids which have the general formula 


H,N—CHR—COOH 


where R represents a group of atoms known as the side chain. There are 
somewhat over twenty different amino-acids that can be obtained from pro- 
teins. These differ only in having different groups of atoms in the side chain R. 
There is much chemical evidence that during the early stages of the breakdown 
of the proteins long polypeptide chains are formed which consist of amino-acid 
residues 

—HN—CHR—CO— 


arranged as links in a long chain. Each of these residues is obtained from the 
corresponding amino-acid by the splitting off of one water molecule. 

Within recent years there has been much discussion as to the structure 
of the undenatured proteins (native proteins) and many have supposed that 
they consist of long polypeptide chains and that the particular sequence of 
the amino-acids determines the specific nature of the protein. Others, however, 
of whom I am one, believe that the evidence for the high organization in the 
protein molecule, which leads to its specific properties and highly symmetrical 
form, requires a much closer knitting together of the molecule than 
would be given by a merely linear arrangement in a chain. Dr. Wrinch has 
proposed a particular fabric-like structure which is folded into a definite 
polyhedron. 

Much work has been done in determining the molecular weights of the 
proteins. A large number of proteins such as egg albumin, pepsin and insulin 
have molecular weights close to 36,000. Most of the other proteins have weights 
which are multiples of 18,000, some of them as high as 100,000,000. There is 
much to indicate that each protein is a very definite chemical substance having 
a constant molecular weight, although in some cases the molecules may ag- 
gregate into larger molecules. 

The problem of the structure of protein molecules is one which is being 
worked on very energetically at present, and we may expect within very few 
years that enormous progress will result which will have a profound bearing 
on biological problems and will lead us to a clearer understanding of the 
simplest forms of life. 

Within recent years methods have been developed for studying the physical 
and chemical properties of single layers of molecules spread upon the surface 
of water. These methods provide very simple ways of measuring the sizes 
and shapes of molecules and throw a great deal of light on the nature of 
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the forces that act between different parts of the surfaces of molecules — 
forces which often cause the molecules to be oriented on the surface. The 
majority of proteins can also be spread out in thin films on water having 
thicknesses of about 10-7 cm and thus the methods of surface chemistry are 
applicable to the study of these substances. This evening I propose to describe 
some of the elementary phenomena which are observable with single layers 
of molecules (monolayers) on water surfaces and will then show how these 
methods may be applied to the study of proteins. 


Cause of Spreading of Films on Water 


Pure saturated hydrocarbons, such as liquid petrolatum or hexadecane, 
C,sH39, when applied in the form of drops to the surface of clean water in 
a long trough, remain on the surface as lens-shaped drops which may be several 
mm thick, but show no tendency to spread out as a thin film over the surface 
of the water. These hydrocarbons are also insoluble in water. The pure 
hydrocarbons thus have no particular affinity for water and the molecules 
may therefore be described as hydrophobic. 

Organic substances such as sugar which contain a large number of hydroxyl 
groups, —OH, are readily soluble in water. [Ethyl alcohol, C,H,OH, is com- 
pletely soluble in water, whereas the corresponding hydrocarbon ethane, C,H,, 
is a gas that is relatively insoluble in water. Clearly, therefore, the —OH 
group has a marked affinity for water and may therefore be called hydrophilic. 
Another important hydrophilic group is the carboxyl group, —COOH, which 
is present in nearly all organic acids. We can thus draw the general conclusion 
that substances whose molecules are covered with hydrophilic groups dissolve 
readily in water and those which contain only hydrophobic groups will be 
practically insoluble. 

Let us now consider what happens when we deal with substances whose 
molecules are mostly hydrophobic but contain a single strongly hydrophilic 
group. Consider, for example, hexadecane in which one of the —CHy groups 
at the end of the long hydrocarbon chain is replaced by a carboxyl group, 
—COOH, forming the compound known as palmitic acid. It is hardly to be 
expected that a single group of this kind can force the whole of the long 
hydrocarbon chain to dissolve in water. What actually happens is that the 
molecules of palmitic acid spread out over the surface so that each hydro- 
philic carboxyl group, or head, comes into contact with the water without 
requiring that the hydrophobic parts, or tails, should separate from one 
another; thus both the hydrophilic and hydrophobic tendencies of the different 
parts of the surface of the molecule are satisfied. 

If there is a limited surface of water and a surplus of palmitic acid, the 
heads crowd into a surface layer so that the hydrocarbon chains or tails, 
which have a cross section about the same as that of the carboxyl group, 
are vertically oriented so that they form a tightly packed layer of hydro- 
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carbon molecules. The thickness of the layer of palmitic acid thus measures 
the length of the hydrocarbon chains and the area per molecule gives the 
cross-section of the hydrocarbon chain. Another fatty acid having a longer 
hydrocarbon chain, such as cerotic acid (26 carbon atoms instead of 16) 
will give the same area per molecule but the thickness of the film will increase 
about in proportion to the number of carbon atoms. There is no tendency 
to form a second layer of molecules because the heads of the molecules of 
a second layer cannot come into contact with water. 

This theory of the cause of the spreading of oils is based upon the postulate 
that the forces between molecules are of such short range that they act 
only between the surfaces of adjacent molecules which are in contact. 

To produce a film of palmitic acid on water it is merely necessary to 
dissolve a little of the solid in a volatile solvent such as benzene (about 1 part 
in 300), and place a drop of this solution upon a clean surface of water in 
a trough filled to the brim. The method of cleaning the surface of the water, 
which is very important in experiments of this kind, is merely to place 
a barrier across the trough, supported on its edges, and to sweep this 
barrier the whole length of the trough so as to produce a fresh surface of 
water behind the barrier. The palmitic acid spreads out to form an invisible 
film of a thickness of about 22x 10-* cm, or as we may more conveniently 
say 25A where we use A to represent the Angstrom, 10-® cm. We can detect 
the presence of the film by observing its effect in pushing strips of paper 
or dust particles ahead of it as it advances over the surface, even to the 
far end of the tray. In fact, if enough of the palmitic acid is added in this way 
it exerts a pressure against a barrier at the far end which may be measured 
by a simple surface balance. For this purpose it is merely necessary to have 
a floating barrier connected at its ends to the edges of the tray by waxed 
silk threads which prevent the escape of the monolayer on to the surface of 
the water behind the barrier. To hold the barrier in a definite position 
against the pressure exerted by the monolayer requires the application of 
a force which can be measured. A monolayer on the surface of the trough 
can be compressed by moving a barrier behind it and the surface pressure 
that is thus generated can be measured by the surface balance. 

Just as we can study a 3-dimensional gas by putting it in a cylinder and 
applying pressure to it by a piston, observing the change of volume pro- 
duced, we can compress a monolayer in a trough by a moving barrier (2- 
dimensional piston) until the force indicated by the balance has reached any 
desired value, and can then observe the area of the monolayer. We find 
in this way that a palmitic acid monolayer behaves as a 2-dimensional liquid, 
as it is relatively incompressible and does not tend to increase indefinitely 
in area when the pressure is released. 

The reason that the palmitic acid molecules act as a 2-dimensional liquid 
is that the hydrocarbon chains tend to stick together just as if the carboxyl 
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groups were not present (in which case the hydrocarbon would draw itself 
into a lens on the surface). 

If we take a fatty acid having a much shorter chain than palmitic acid 
we find that the adhesion between the chains becomes so small that the 
molecules are able to separate from one another on the surface and thus 
act as a true 2-dimensional gas. However, the shortening of the chain also 
brings about an increased solubility in the underlying water so that we can 
no longer use a surface balance and moving barriers to detect the monolayer 
on the surface. There are other methods, however, involving the measurement 
of surface tension, which enable us to study these soluble monolayers and 
to prove that they behave as 2-dimensional gases. 

We say that the palmitic acid monolayer behaves as a liquid rather than 
a solid because if we place dust particles on the surface and blow upon them 
we see that these move freely over the surface. If we introduce into the 
water, however, certain salts such as aluminium chloride, the dust particles 
act as though frozen into the surface. We can then say that the monolayer is 
solid, the molecules presumably being bound together by aluminium atoms 
which have combined with them. Monolayers can thus exist in the form of 
2-dimensional gases, solids, or liquids. 

There are many insoluble monolayers on water which form so-called 
expanded films. In these the hydrocarbon chains are not oriented parallel 
to one another but are irregularly arranged as in a liquid, one end of each 
molecule, however, having its hydrophobic group bound to the water surface, 
although free to move within this surface. The hydrocarbon parts of the 
molecule thus constitute a 3-dimensional liquid or interstratum which is 
bounded on its upper surface by an interface like that between any hydro- 
carbon liquid and air. The lower interface, between the hydrocarbon and 
the water, contains the hydrophilic heads which move over the surface as 
a 2-dimensional gas. This gas cannot expand indefinitely, however, because as it 
increases in area the expansive force decreases until it is finally only able to 
balance the tendency of the hydrocarbon liquid to draw into a lens. The expan- 
ded films of fatty acid thus spread out to 50 or 60 sq. A whereas the condensed 
films of vertically oriented molecules give an area per molecule of 20 sq. A. 


The Use of Indicator Oil to Render Monolayers Visible 


A pure petroleum lubricating oil does not ordinarily spread to a thin 
film on the surface of water, because it does not contain hydrophilic groups. 
If it is heated on a hot plate until it smokes it gradually oxidizes and hydrophilic 
groups are produced. The oil thus spreads to thinner and thinner films 
as the oxidation proceeds. By stopping the oxidation at the proper stage, 
or by mixing oils of two different degrees of oxidation, one can obtain 
an oil which spreads to give the first order interference colours on Newton’s 
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scale. The colours are produced by the interference of light as it is reflected 
from the top and from the bottom surfaces of the oil film. The thinnest 
film that gives good colours is one which corresponds to about one-quarter 
wave length of visible light (about 1000A). 

A drop of such indicator oil on the surface of water gives a film of 
a uniform colour. If we compress this between barriers we make it thicker 
and thereby change the colour. The colour can thus be made to serve as 
a measure of the degree of compression or surface pressure. 

An amount of indicator oil sufficient to cover only about half the surface 
of the water in the tray does not change the surface tension of the water. 
If now we apply to the centre of this oil patch a substance which spreads 
to form an insoluble monolayer this forms a black spot or disc in the centre 
of the oil patch. To observe these effects most easily the bottom of the tray 
should be painted black. 

If the monolayer is liquid the application of the droplet of indicator oil gives 
a circular coloured disc. With a solid film, however, the indicator oil tears 
the monolayer into jagged cracks, forming a star-like figure or expansion pattern. 


Protein Monolayers 


If a small fragment of insulin or egg albumin or other water soluble 
protein is brought into contact with water in the centre of a patch of indi- 
cator oil, the protein spreads out to form a monolayer which gives a pattern 
of characteristic shape. Insulin and pepsin give circular patterns, while egg 
albumin gives a pattern of very irregular outline resembling the profile of 
cumulus clouds on a summer evening. If now a droplet of indicator oil is 
applied in the centre of the protein monolayer this spreads out into a charac- 
teristic pattern. For example, with insulin the indicator oil forms a circle, 
whereas with pepsin and with egg albumin it forms star-shaped figures. 

The amounts of protein necessary to produce these monolayers is sur- 
prisingly small, 1 mg being enough to cover a sq. meter or only 10-7 ¢ 
will give 1 sq cm, enough to produce a distinct pattern. These very characteristic 
patterns serve as an easy method of identifying certain native proteins. If 
the proteins are then subjected to some treatment that causes a gradual 
denaturation, one can follow the changes by the expansion patterns that 
are produced. One frequently finds that different types of denaturation 
produce different types of expansion patterns. 


Properties of Protein Monolayers 
Although the proteins themselves are frequently very soluble in water 
the monolayers formed from them are extraordinarily insoluble. This sho ws 
that a radical change of structure has occurred during the spreading of the 
protein. Substances whose molecules are wholly hydrophilic have no ten- 
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dency to spread on the surface of water. The very high solubility of certain 
proteins thus proves the absence of hydrophobic groups on the outside sur- 
face of their molecules, yet the spreading to form insoluble monolayers proves 
that the molecule when unfolded possesses large numbers of hydrophobic 
groups. The native protein must, therefore, have a cage-like structure (such 
as that postulated in Dr. Wrinch’s cyclol theory), in which the hydrophobic 
groups are normally buried in the interior. When these molecules come into 
contact with the surface of water the hydrophobic groups are drawn to the 
water surface causing a tearing open or unfolding of the cage. The insolubility 
of the monolayers thus results from the fact that the tearing open of the 
highly organized cage is an irreversible process. 

Protein monolayers are extremely easily and reversibly compressible. They 
may, in fact, be compressed to one-fifth area and yet be able to return im- 
mediately to the original area if the compression is removed. The properties 
of the protein monolayers seem to prove that the monolayer is a kind of 
duplex film which consists of polypeptide chains of amino-acids, attached 
to the air-water interface at intervals along their lengths by hydrophobic 
groups. The hydrophilic parts of the polypeptide chains remain in contact 
with and are surrounded by water, but are not free to go far from the surface 
because they form parts of chains which are still attached to the surface. 
When the film is compressed there may not be room enough for all the 
hydrophobic groups on the surface so that some are driven down into the 
water just below the surface. Since these hydrophobic groups, like oil drops 
under water, tend to coalesce or adhere to each other, they are at least partly 
responsible for the viscosity and rigidity of the monolayers shown by the 
expansion patterns. 

If a small metal disc, 1 inch in diameter, is suspended in a horizontal 
position by a fine wire and is provided with a dumbbell-shaped weight to in- 
crease its moment of inertia, it will oscillate after being set into rotation 
about its axis. If such an oscillating disc be lowered into contact with a mono- 
layer of protein on a water surface, the damping of the oscillations provides 
a means of measuring quantitatively the 2-dimensional viscosity of the mono- 
layers. The measurements are very reproducible and highly characteristic of 
the different proteins, some proteins giving viscosities more than 10,000 
times as great as others. I believe that these viscosities will help to throw 
light upon the nature of the cross-linkage between polypeptide chains; they 


should also serve as an accurate method of following changes produced by 
denaturation. 


Deposited Protein Monolayers 


Protein monolayers can be transferred by a simple deposition process 
from a water surface to the surface of a metallic plate which is dipped into 
the water. If this plate has previously been coated with the proper number 
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of layers of barium stearate, built up by Dr. Blodgett’s method, brilliant 
interference colours are produced which serve for an accurate determination 
of the thickness of the deposited monolayer. By this method it is possible 
actually to see the change of colour produced by a single monolayer of the 
protein. By using monochromatic light, such as that given by a sodium vapour 
lamp, the thickness of a single monolayer can be measured to within about 
2 A. It is also possible to deposit in succession many hundreds of monolayers, 
forming a multilayer. In this way the thickness per layer can be determined 
by optical measurements with great accuracy. Experiments prove that in the 
formation of these deposited layers whole monolayers can overturn, involving 
an interchange of the positions of the hydrophilic and hydrophobic groups. 

Metallic plates covered with barium stearate can be so treated with a thorium 
nitrate solution, that the film becomes hydrophilic or wettable by water, 
and it is then capable of absorbing proteins directly from water solution. 
The plate can then be washed and dried and the change of colour measures 
the thickness of the layer of protein absorbed from the solution. It is then 
possible to bring the plate into contact with another solution containing 
a protein which reacts with the first one deposited. This reaction may cause 
the second one to be deposited on the first or may in some cases cause 
the first to be removed by the second. This technique thus makes possible 
the study of the reactions between proteins in a new way. The results have 
already indicated that the reactions are extremely specific for different proteins 
and are very sensitive to changes of conditions which are known to produce 
important biological effects. 

The techniques for the study of proteins that are opened up by these 
methods of surface chemistry will, I hope, prove to be of value to the biologist 
in the work he is doing on the nature of the specific activities of proteins. 
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Many proteins, although soluble in water, may be spread on a cleaned 
water surface to form insoluble monomolecular films. Such films can then 
be studied in a number of different ways, either while they are still on the 
water surface or after they have been removed from the water by depositing 
them on a metal or glass plate. 

Some of the properties, such as thickness, reversible compressibility, 
maximum ease of spreading at the isoelectric point, and insolubility, are 
quite similar for many proteins of widely different origins, molecular size, 
and chemical composition. On the other hand, monolayer viscosity and 
plasticity, anisotropy after shear or linear compression, specific reactivities, 
expansion patterns, contact angles, and sensitivity to the effect of pH are 
usually highly specific for particular proteins. 


Methods of Forming Monolayers 


Proteins may be spread as monolayers in several different ways. When 
the protein is dissolved in water, a surface monolayer forms spontaneously 
in less than a second if the solution contains about 0.1 per cent by weight 
of a protein such as insulin in distilled water at pH 5.8. The film thus 
formed has a thickness of about 8.5 A after 1 min, since the process of 
spreading at an air-water interface proceeds with enough energy to build 
up a pressure of 8 dynes per centimeter in 1 min, 10 dynes in 5 min, and 
15 dynes in 15 min. Devaux has used this method (5) to study the con- 
centration of a protein solution as a function of the rate of formation of the 
monolayer. 

If the quantity of protein in solution is so small (about 0.1 mg of protein 
in a tray with surface area of 200 cm?) that all of it spread on the water 
surface would produce five successive monolayers, then, in order to obtain 


1 Presented at the Symposium on the Physical Chemistry of the Proteins, held at Milwaukee, 
Wisconsin, September, 1938, under the auspices of the Division of Physical and Inorganic 
Chemistry and the Division of Colloid Chemistry of the American Chemical Society. 
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a monolayer of the protein, it is necessary either to wait for a long period 
of time or to increase the rate of diffusion by thoroughly stirring (14) the 
substrate. While this technique is quite convenient for reaction studies, the 
extreme care which must be exercised to prevent surface contamination 
from diluting the monolayer makes it a less desirable method for general 
studies of protein monolayers than other methods to be described. 

Gorter and Grendel (7) have shown that a dissolved protein may be 
spread as a monolayer by placing a micropipet in contact with a cleaned 
from the pipet. If the protein is pure and the water adjusted to the iso- 
electric point, this amount of protein will produce a monolayer about 500 
cm? in area. We have modified this method by using a nickel sheet about 
0.010 in. thick, as long as the width of the tray and as wide as its depth. 
The protein to be used is spread on this band from a micropipet and the 
band is lowered at a uniform rate through the cleaned water surface. We 
believe that this method is particularly efficient when the protein used is 
of the egg albumin type, which forms a gel-like monolayer. The pressure 
which is built up during formation of such a monolayer retards the rate of 
formation somewhat, so that it is quite possible for some of the solution to 
be dispersed into the substrate. When the protein solution is introduced 
as a uniform strip across the tray, the spreading proceeds very efficiently 
on the surface of the upflow of water which follows the lowering of the band, 

Still another method of producing good protein monolayers is that 
developed by Hughes and Rideal (8), who placed a weighed amount of 
dried protein on the water surface. This method is limited, however, to 
those proteins which readily spread while in the dried form. Many pro- 
teins, such as the globulins, casein, zein, and lactalbumin, to mention a few, 
spread poorly or not at all when applied in this manner. 

Water-soluble proteins produce thick layers, which are visible by inter- 
ference colors, on the surface of a salt solution (16). A portion of this 
compact film can then be transferred as a B-layer on a clean nickel plate 
of known dimensions to another trough containing water at the isoelectric 
point of the protein, and a monolayer can be formed. This method should 
be particularly useful as a micromethod for purifying and studying proteins 
which are not available in quantity. 


Thickness of Protein Monolayers 


Many investigators have shown (6, 19) that the thickness of a protein 
monolayer, as calculated from the area covered by a weighed amount of 
protein, is of the order of 10 A. This calculation can only be approximate, 
since it assumes that all the protein used has spread to produce the monolayer. 

By depositing the protein monolayer on a barium stearate step-plate and 
measuring its optical thickness (4) it is possible to check the calculated 
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thickness derived from its force-area curve and thus find the efficiency of 
the spreading technique. 

Since different values of pH affect the area of a protein monolayer when 
identical amounts and methods of spreading are used, changes in observed 
area as large as ten to one have been interpreted by some investigators as 
indicating that the protein monolayer becomes thicker as the area decreases. 
That this is not the case is easily shown by optical measurements of the 
thickness of deposited monolayers. 

Experiments with pepsin (Northrup’s crystalline) spread on water having 
its pH adjusted to a series of different values have given the results shown 
in Table I. The data of the third column, which give areas per milligram 
of applied protein (calculated by linear extrapolation to F = 0) show, in 


Tasre I 


Effect of pH on the Area of a Pepsin Monolayer Spread on a Water Surface 








_, 
Thickness at | pa Laid “Amount 
pH F= 16.5 ch Amount used calculated Recovery 
dynes eon extrapolated (d= 1.3) 
7m toF=0 | ; 
1 
| A | square meters milligrams milligrams per cent 
2.0 16. 0.620 0.0416 0.0382 92 
2.6 15. | 0.640 0.040 0.0376 94 
3.0 16. | 0.630 0.0118 0.0110 93 
4.2 15. | 0.570 0.040 0.033 82 
5.8 16. 0.095 0.034 0.007 20 
7.0 15. | 0.001 0.200 0.003 1 














accord with Gorter’s findings, that the maximum spreading occurs near 
the isoelectric point, pH 2.6. At high pH the area becomes very small. The 
thickness of the monolayer, as determined after deposition on to a barium 
stearate plate, remains constant within the accuracy of the measurements. 

The total amount of protein in the monolayer (column 5 )has been 
calculated by multiplying the thickness of the dry deposited protein film 
by its density, assumed to be 1.30, and multiplying this product by the 
total area of the monolayer on the water. By comparing this with the amount 
applied to the surface (column 4) we have obtained the percentage recovery 
as given in the last column. 


Force-Area Curves 


The force — area curves for monolayers of proteins obtained by Gorter 
and others (6, 18, 19) have shown high compressibilities, but, in general, 
attention has not been directed to the differences between particular proteins. 


7 Langmuir Memorial Volume VII 


Digitized by (OC gle UNIVERSITY 





OF CALIFORNIA 


98 Properties and Structure of Protein Monolayers 


Using a surface balance we have determined force-area curves for several 
proteins as shown in Fig. 1. The films of insulin, pepsin, and ovalbumin 
were spread from 0.1 per cent aqueous solutions by our band method, while 
the wheat gliadin was spread from a 0.1 per cent solution in 70 per cent 
alcohol using Gorter’s method. The pepsin monolayer was formed on water 
having its pH adjusted to 2.0 by hydrochloric acid, but the others were on 
distilled water, pH 5.8. 
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Fic. 1. Typical force-area curves obtained with protein monolayers. Abscissas 
calculated from measured thisckness of deposited monolayers. 

The weight of protein in each monolayer (used in calculating the ab- 
scissas in figure 1) was obtained from a measurement of the optical thick- 
ness of a pair of layers deposited at F = 16.5 dynes per centimeter (dehydrous 
AB-film), taking the density to be 1.30. With pepsin, ovalbumin, and insulin 
the weights of the monolayers found in this way were about 95 per cent of 
the amounts applied to the surface, but with wheat gliadin only 70 per 
cent was found on the surface. 

The curves for pepsin and ovalbumin resemble one another closely but 
differ widely from those of insulin and wheat gliadin. 


Reversible Compressibility of Protein Monolayers 


One of the outstanding similarities between protein monolayers spread 
on a water surface is the high reversible compressibility of the films. Even 
after being subjected to a momentary decrease in area of 80 per cent, 
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involving a surface pressure of more than 35 dynes per centimeter, an 
insulin monolayer re-expands to show a complete recovery of its original 
area at F = 4 dynes per centimeter. When a film is exposed to this high 
pressure for several minutes, the recovery is not complete, showing that 
a permanent change or collapse has occurred. 

The force-area curve of a casein monolayer given in Fig. 2 was obtained 
from a series of five successive runs in each of which the surface pressure, 
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Fic. 2. Reversible compressibility of a casein monolayer. The abscissas repre- 
sent areas per milligram of protein applied to the surface. 


F, was increased from 1 dyne per centimeter up to a limit indicated in Fig. 2. 
The lower portion of each of the curves obtained in this way coincided with 
the measurements in the previous runs. Thus within the time needed for 
these measurements there was no appreciable collapse or solution of the 
monolayer. 

The abscissas for the curve in Fig. 2 are expressed in terms of the weights 
of protein actually applied to the surface. Optical measurements of the thickness 
of a monolayer deposited at F = 16 dynes per centimeter gave 17 A, which 
corresponds to 0.45 square meter per milligram, while the curve shown in 
the figure gives for this value of F an abscissa of 0.28. Thus to obtain 
a force-area curve comparable to Fig. 1 expressed in terms of area 
per milligram of protein actually present in the monolayer, all the abscissas 
in Fig. 2 should be multiplied by 1.60. 
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Figs. 3 and 4 give the results of similar experiments with monolayers 
of wheat gliadin. The abscissas represent areas per milligram of applied 
protein. The points marked by circles in Fig. 3 were measured at suc- 
cessively increasing values of F up to 25 dynes per centimeter. Upon 
lowering the pressure to F = 5, the film expanded to the same area as was 
previously observed at this pressure, showing complete reversibility over 
this range. Some later experiments were made to test an alleged anomalous 
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Fic. 3. Reversibility of the compression Fic. 4. Irreversible effect observed with’ 
of a wheat gliadin monolayer between a wheat gliadin monolayer at low surface 
5 and 25 dynes per centimeter. pressures. 


behavior of gladin films at very low pressures (18). The force-area curves 
of Fig. 4, which represent measurements at intervals of 1 dyne per centi- 
meter, show that the lower part of the curve is distinctly modified by previous 
compression of the film to pressures even as low as 10 or 15 dynes per 
centimeter. Since this effect is limited to the portion of the curve below 
5 dynes per centimeter, this result is not incompatible with the reversibility 
indicated by the data of Fig. 3. 


Insolubility of Protein Monolayers 


It is remarkable that, although many proteins are very soluble in water, 
the monolayers formed from them are extraordinarily insoluble. Thus a radical 
change in structure must occur during the spreading. Substances form 
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insoluble monolayers on a water surface only if the surfaces of their molecules 
have both hydrophilic and hydrophobic parts (9). 

Traube (23) showed that the solubilities of adsorbed films of substances 
containing hydrophobic groups increased by a factor of 3 upon the removal 
of each successive CH, group from the molecule. This was interpreted 
(9) as an effect of the decrease of surface energy that occurs when CH, 
groups occupy positions in the air—water interface. 

The high solubilities in water of such proteins as ovalbumin and pepsin 
prove that the surfaces of the molecules of these substances contain very 
few hydrophobic groups. The hydrophobic groups that are responsible for 
the insolubility of the monolayers must therefore be buried in the interior 
of the globular molecule of the soluble protein. 

The solubility of any adsorbed film, such as a monolayer on a water 
surface, must theoretically increase if the film is subjected to a surface 
pressure. The rate of increase can be calculated by the Gibbs equation 





dinc ae (1) 


where c is the concentration of the dissolved substance in the solution, o 
represents the number of molecules in the adsorbed film per square centi- 
meter, T is the absolute temperature, and k is the Boltzmann constant, 
1.37+ 10-6 ergs per degree. 

In the case of condensed films of fatty acids for which o = 5 x10** molecules 
per square centimeter, the solubility should thus increase about fivefold for 
an increase of 30 dynes per centimeter in the value of F. On the other hand, 
with a protein of molecular weight of 35,000, the number of molecules per 
unit area is only about one three-hundredth as great as for the fatty acid, 
so that there should be a millionfold increase in solubility for each increment 
of pressure of 1 dyne per centimeter (13a). According to this theory the surface 
pressure of 25 dynes per centimeter, which was applied to the protein monolayers 
in the experiments illustrated in Figs. 2 and 3, should have caused an 
increase in solubility by a factor of 101°. Actually, however, the complete 
recovery of the area upon removal of the pressure showed that there was 
no measurable solubility even at these high pressures. We must therefore 
conclude that the formation of the monolayer by the unfolding of the globular 
molecules is an irreversible process to which Gibbs’ equation would not 
apply. 

On the basis of studies (10, 11, 12) of the forces that determine solu- 
bilities, volatilities, and surface tensions of liquids, it has been calculated 
(13a) that the presence of hydrophobic groups equivalent to about three 
hundred CH, radials in each protein molecule would be sufficient to ac- 
count for the observed insolubility of protein monolayers. 
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Viscosity of Protein Monolayers 


Among the measurable properties of a protein monolayer is its viscosity. 
This property may be expressed in qualitative terms or in absolute C.G.S. 
units according to the procedure followed. 

A very simple method which serves to classify the monolayer into one 
of three general classes has been described recently (20). It involves the 
formation of the protein monolayer, followed by the expansion of its central 
region with a spreading oil which reveals the degree of cohesion by which 
the units in the monolayer are joined to each other. The greatest differ- 
ence found among monolayers of different proteins occurs when they are 
under low surface compression of the order of 0.5 to 1 dyne per centimeter. 
The three general patterns observed have been termed star-like, rough 
circular, and smooth circular. These types are illustrated in Fig. 5. 





Fic. 5. General types of expansion patterns: a, star-like (egg albumin); b, rough 
circular (papain); c, smooth circular (insulin). 


The star-like pattern expands to form geometrical figures, sometimes as 
a conventional five-pointed star but at times with points ranging in number 
from three to six or more. The star-like form at F = 2 dynes ranges in 
viscosity from 0.024 to 120 C.G.S. units. Proteins having this form are egg 
albumin, pepsin, or tobacco seed globulin. : 

The rough circular pattern shows a circular internal outline which upon 
close examination discloses an irregular or roughened edge at the boundary 
of the oil and the protein. The viscosity range of this form is from 0.009 
to 0.081 C.G.S. units at F = 2 dynes for those investigated. Typical proteins 
of this type are trypsin, papain, and wheat gliadin (when the latter is spread 
in its dry form). 

The smooth circular type shows a circular internal pattern with the oil- 
protein boundary perfectly regular and smooth. Such patterns are found 
with insulin, casein, and zein, and denatured proteins and have a viscosity 
range at F = 2 dynes of 0.001 to 0.004 C.G.S. units. 

The viscosity of monolayers of all types can be determined quantitatively 
by a relatively simple method previously described (14). Table II gives 
a summary of viscosities of a number of proteins measured under definite 
degrees of compression. These data are presented primarily to indicate the 
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interesting ranges existing in protein monolayers. More detailed work is 
planned to investigate the importance of pH, temperature, method of spreading 
monolayers, and the effect of various modifications to the native protein 
which occur when it is subjected to heat, acid, ultraviolet irradiation, shaking, 
and other methods of ‘‘denaturation”. We have shown qualitatively (20) 
that a large change in viscosity occurs when a protein such as pepsin is 
subjected to any of these agents. 


Taste II 


Absolute Viscosities of Protein Monolayers 
M = 131.8; D= 4.5; pH = 5.8; T= 25°C; t = about 34 sec 





#s in grams per second 





























F rotesn F=2 | F=6 | F=10 |F=165| F=19. |F= 295 

dynes dynes dynes dynes dynes dynes 

Casein 0.0036 0.010 0.015 0.4 12. 

Edestin 5. 26. 52. 

Egg albumin 0.15 0.28 

Gliadin* 0.001 0.003 0.01 0.8 54. 

Gliadin acetate 0.001 0.007 0.016 

Hemoglobin 0.024 0.12 0.37 

Horse globulin 120. 210. 340. 

Insulin 0.004 0.028 0.10 

Papain 0.08 0.18 0.38 

Pepsin 0.68 0.75 1.5 150. 

Pepsinogen 0.110 0.17 0.46 

Tobacco seed globulin 0.048 0.20 0.36 140. 340. 

Trypsin 0.009 0.23 0.97 

Trypsinogen 0.40 1.0 5.5 

Zein 0.003 0.003 0.003 

* At pH = 7.2. 


In general, proteins producing monolayers having smooth and rough 
circular expansion patterns may be investigated by the oscillation method. 
This involves the measurement of the decrease in amplitude of the succes- 
sive swings of a disk lying in the surface of the water in contact with the 
monolayer and suspended at the end of a calibrated fiber. The disk is 
provided with a bracket upon which is placed a rod having a known moment 
of inertia. The fiber is given an initial displacement by the torsion head, 
and the decrease in amplitude of the disk is noted. Fig. 6 shows typical 
curves obtained by this method. 

While the viscosity of a few of the proteins showing the star-like expan- 
sion pattern may be measured by the method just referred to, most of them 
have such high viscosities as to necessitate the use of the aperiodic method. 
This uses the same viscosimeter but involves the comparison of the relative 
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AMPLITUDE 





SUCCESSIVE SWINGS OF DISC 


Fic. 6. Viscosities of protein monolayers. F = 2 dynes per centimeter. Oscillation 
method. pH = 5.8; T= 22°C; M = 131.8; D = 4.5; t= about 34 sec. 


a7 @, F=10 OYNES/ CM. 
id APERIODIC METHOD 





100 200 
TIME, SECONDS 


Fic. 7. Viscosities of protein monolayers. F = 10 dynes per centimeter. Aperiodic 
method. pH = 5.8; T= 22°C; D= 4.5. 
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movement of the suspended disk in contact with the monolayer with the 
initial displacement of the torsion head as a function of elapsed time. In 
this method the rod used to give a known moment of inertia to the system 
is removed. Fig. 7 shows a series of curves obtained in this way at F = 10 
dynes per centimeter. 


The Viscosities of Monolayers of Lipo-Protein Combinations 


Schulman and Rideal (21) have described experiments which show a very 
interesting interaction between a protein and a lipoid substance. Using a mixture 
of cholesterol and wheat gliadin on water at pH 7.2 in a ratio of one part 
of cholesterol to four parts of protein, they demonstrated that at a critical 
pressure the protein was apparently squeezed out of the monolayer on 
the surface into the substrate and that certain properties of the surface 
layer were altered if this critical pressure were exceeded. 

A wheat gliadin monolayer at low pressures is liquid, but as it is com- 
pressed it changes from a liquid to a gel-like solid. Cholesterol, on the 


Tasiz III 


Absolute Viscosities of Protein, Lipo-protein, and Lipoid Films 
M = 131.8; D= 4.5; pH = 7.2; T= 25°C; t = about 34 sec 





#s in grams per second 





Choles- | Gliadin 
=2 | F=10 | F=16.5| F=19 | F=29.5| F=16.5| F=17.5| F=29.5 





parts by | parts by | | 


weight weight 


0.002} 0.002 | 0.019 | 0.002 | 0.002 
0.002 | 0.02 0.04 0.04 0.002 
0.001 | 0.001 | 0.76 0.16 0.05 0.49 0.04 
0.002 | 0.002 | 0.36 0.06 0.02 0.36 
0.006 | 0.006 | 0.18 0.85 1.25 
0.001 | 0.01 0.83 54 




















one eee 
-AoAN OO 











Measurements of viscosities were made in succesive order as shown. 
* The low values of mu, are uncertain within about +0.005. 


other hand, is a liquid film under all compressions up to 30 dynes per 
centimeter. Schulman and Rideal showed that as the complex film of lipo- 
protein was compressed it resembled the protein monolayer, but at a critical 
pressure of about 22 dynes per centimeter the film suddenly liquefied and 
on further compression resembled the cholesterol film. This sequence was 
shown to be reversible; if the surface pressure were lowered, the liquid 
film showed a re-gelation at the same critical pressure. 
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We have repeated these experiments with rough quantitative determina- 
tions of viscosity, varying the ratio of gliadin to cholesterol over a wide 
range, and have thus obtained the data given.in Table III. 

A monolayer of pure cholesterol, which is relatively incompressible, has 
a low viscosity even at a high surface pressure, but the viscosity of a gliadin 
monolayer undergoes a very rapid increase at pressures above 10 dynes 
per centimeter. The viscosities of the mixed films rise to a broad maximum 
between 15 and 20 dynes per centimeter and fall to low values at F = 30. 
This effect is most marked with the 1:4 mixture, but even as little as one 
part of cholesterol to sixteen parts of gliadin produces a very great decrease 
in viscosity at high pressures, the cholesterol apparently acting as a lubricant 
within the gliadin monolayer. 


Anisotropy in Protein Monolayers 


When a monolayer of a protein such as egg albumin, urease, casein or 
edestin is compressed for a few minutes by a motion of a barrier which 
raises the pressure to about 35 dynes per centimeter, so that some collapse 
occurs, a permanent anisotropic condition is produced which can be demon- 
strated in several ways. 

Thus if the pressure is lowered to about 20 dynes per centimeter, the 
monolayer can be split into parallel sheets by using a concentrated oxidized 
oil. These molecular strips can be lifted from the surface of the water by 
placing a glass rod or similar article underneath one end and slowly raising 
it through the water surface. The strips come off as fibers which are almost 
invisible. Fibers can also be removed by simply inserting the rod into 
a compressed film of these proteins and slowly raising it through the surface. 
When this is done, the fiber always comes off parallel to the barrier which 
has compressed the monolayer. Not all protein monolayers under com- 
pression show this property. Insulin, for example, when cracked with indicator 
oil breaks into small segments which will not produce fibers. 

The fact that the insulin expansion pattern is reversible and shows a smooth 
circular pattern at F = 2, a star-like pattern at F = 25, and a smooth circular 
pattern again when the pressure is lowered suggests that its structure differs 
in important features from that of the fiber-forming proteins. Casein, for 
example, which is characterized by a circular pattern and a viscosity lower 
than that of insulin at F = 2, has a fibrous structure at F = 30. When 
the pressure is decreased, the expansion pattern shows that the casein now 
has a coherent gel-like structure, even at F = 2. 

By cutting a portion of the spread monolayer into various shapes, such 
as a square, rectangle, circle, etc., we can study the effect of the presence 
or absence of anisotropy under compression. The fragments are made with 
a wire about 0.015 in. in diameter which, after being cleaned in a Bunsen 
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flame, is coated with indicator oil. The wire is lowered through the monolayer, 
and the compression is decreased. As the oil spreads, the monolayer is 
sharply outlined. Any inequality produced by the initial compression is 
immediately indicated by a distortion of the original configuration. These 
experiments are best performed with a suitably illuminated trough having 
a black bottom (20). 

A protein monolayer on water when compressed equally in all directions 
by an indicator oil or piston oil shrinks uniformly toward its geometrical 
center and is isotropic. Thus, the piston oil applied at one end of the 
monolayer is found not only at this end but also along both sides of the 
tray. Because of this phenomenon, we make a practice of applying com- 
pression by placing the piston or indicator oil in one corner of the tray. 
This produces a uniformly compressed, rectangular monolayer having oil 
on only two sides. 


Indicator and Piston Oils Used for Studying Monolayers 


We have often referred to indicator and piston oils as convenient tools 
in the study of monolayers. Dr. K. B. Blodgett (1) has described the method 
for preparing and using highly oxidized oil. For most experiments it is 
quite practical to use old automobile crank-case oil. Fresh oil is not satisfactory. 
The sludge in the oil may be removed by filtering or settling. The oxidized 
oil when diluted with a non-spreading oil such as Petrolatum or Nujol 
will produce stable films of uniform thickness, which in certain mixtures 
will show interference colors. 

A sample of used oil was placed on a cleaned water surface and spread 
at F = 0 to produce a film which, viewed at approximately 45°, showed a faint 
silver-grey color. The addition of an equal amount of Petrolatum produced 
a film having a faint yellow color of the first order. When two parts ot 
Petrolatum to one of oxidized oil were blended, the resulting color was a dark 
yellow of the first order; three parts of Petrolatum and one of oxidized oil 
produced a first-order blue. Four parts of Petrolatum to one of oxidized 
oil resulted in a yellow again, and with a five-to-one ratio red was produced, 
these colors being of the second order. 

When an indicator oil, which will spread on clean water if unrestricted 
to give a dark yellow, first-order color, is limited in area, the color produced 
by the increase in thickness will be related to the decrease in area. In order 
to decrease the area, it is necessary to exert a definite amount of pressure 
on the oil film. If a trough equipped with a surface balance is used, it 
is quite easy to calibrate a given oil sample in terms of color observed for 
pressure exerted on the floating barrier. This has been done with various 
samples of oils which we use to illustrate the possible ranges of pressure. 
These are given in Table IV. Although such oils are fairly stable if protected 
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from light, they should be checked occasionally for changes which might 
occur. 

With a series of oils such as those indicated in Table IV, we have a very 
convenient and simple method for producing compressions up to 30 dynes 
per centimeter upon a monolayer spread on water. 


Taste IV 


The Relation of the Color of Oxidized Oil to the Pressure Exerted Against 
a Monolayer on Water 











Fin dynes per centimeter 
Order Color | 55 25 aoe aa aar 7 
1= 45 Oxidiz- Oxidized lubricating oil diluted ; Crank- 
ed oil | with petrolatum case oil 
1 Invisible 0-5 ' 
1 Silver-grey 11. 0. i 2-5 
1 Light yellow 14. 3. | 1 4, 
1 Dark yellow 15. 5. 0. | 85 
1 Red-brown 15.5 7: 2.5 | | 9.5 
1 Blue 16.0 8. 4. 0. H 10.5 
1 | Blue-green : 9. 5. 2. 0. 11.2 
2 | Yellow 17.0 9.5 6. 3.5 0. 11.8 
2 Red - 18. 10.5 7. 5. j; 2 1. 12.5 
2 Blue 18. 8. 6. ' 3. 2. 13.0 
2 Green 18. 11. 8.2 6.5 : 3.3 3.0 13.5 
3 Red 18. 12.5 9.5 1. 5. 4.5 14.5 
3 Green 13.5 10.0 8.5 6.0 5.2 15.0 
4 Red 13.7 10.5 9.0 7.0 ; 15.5 
4 Green 11.2 9.5 | 16. 
Visible lens 20-30 20-30 | 15. 13.5 12. 12. 20-30 


























To complete the series a few piston oils, such as those given in Table V, 
may be used. These are purified by shaking a good grade of commercial 
oil with activated fuller’s earth or similar substance at about 100°C. The 
oils may then be clarified by centrifuging or allowing the fuller’s earth to 


Taste V 
Force Exerted by Piston Oils Spread on a Water Surface 





Piston oil | F in dynes per 





centimeter 
Tricresyl phosphate. 2.2... ...0.0000.000 000. | 9.5 
Rapeseed ‘Oil 09s 05 i Se fe a Ss a a Ses WS : 10.5 
Castor: oil: 206 5. A ohss S56 ete ele ee ae a Be ea he Se | 16.5 
Neatsfoot ofl. 2. 2 2. ee ee H 19.0 
QOleicfacid si chic Foie den Se ey Sid OSs ae ae ea ea ke i 29.5 
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settle. These oils have the property of spreading as liquid monolayers, the 
excess oil forming lenses which serve as reservoirs and produce a con- 
stant, known pressure upon anything floating on the water surface. 

Indicator oil used in conjunction with piston oil can be used in many 
ways other than those suggested. 


Deposition of Monolayers 


In determining the thickness of protein monolayers several precautions 
must be observed. Since most proteins undergoing compression develop 
considerable rigidity, the monolayer does not flow at a uniform rate toward 
the plate upon which it is to be deposited. This difficulty can be overcome 
by using a plate of the same width as the monolayer. Since it is not con- 
venient to produce a step-plate of this size, we use chromium-plated steel 
plates of two sizes. One plate is made as wide as the tray (allowing 1-mm 
clearance on either side), and the other plate is of a convenient size (5 cm 
x2cmx1 mm). The former is held by a small permanent magnet of suf- 
ficient strength to cause the prepared plate to adhere firmly to the side 
of the larger plate. Glass or a non-magnetic metal could also be used for 
the larger plate. 

We prefer to produce the initial compression by using a calibrated indi- 
cator oil. This spreads and outlines the boundary of the protein monolayer; 
it also prevents the invisible piston oil from contaminating the monolayer. 
The indicator oil is then compressed to a force approaching that of the 
piston oil to be used. The piston oil is added and drives the protein monolayer 
on to the prepared plate (2, 3, 4), where it is deposited as a hydrous AB-film 
(17). When monolayers are to be deposited at pressures higher than F = 16 
dynes, concentrated oxidized lubricating oil may be used as the indicator 
oil. This, no matter how highly compressed, can be seen either as a colored 
film or as a line of visible oil. 

A monolayer in contact with a film spread from a specific sample of 
calibrated indicator oil will be under a definite compression directly related 
to the color of the oil film (see Table IV). If the color is held constant, 
the monolayer may be deposited as a hydrous AB-film. To do this, the 
synchronous movement of the surface barrier compressing the film and the 
dipping plate is necessary. 

A monolayer may also be deposited by lowering the prepared plate face 
downward upon the top surface of the protein monolayer. A film so deposited 
has been termed a lifted film, symbolized by A,. Best results are obtained 
if one corner of the prepared plate, held almost parallel to and about 1 mm 
from the film surface, is touched to the monolayer. In this way the formation 
of an air bubble between the prepared plate and the monolayer is prevented. 
After the monolayer is deposited, the surrounding film is scraped away, and 
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the face of the plate, now bearing the deposited A-layer, is raised through 
the cleaned surface. Care must be exercised that the edges of the plate 
are free from surface-active materials. This is easily checked by noting any 
change in color of the indicator oil before and after the film is deposited. 
The deposition of an A,-film is particularly applicable to the deposition 
of films under low compression, since no surface movement of the monolayer 
is necessary. 


The Surfaces of Protein Monolayers 


In a previous paper (17) data were given which showed certain relation- 
ships found when successive protein monolayers were deposited on a prepared 
plate. Using our improved optical method of measuring increments of thickness, 
we have repeated these experiments with monolayers of insulin (Lilly). 

PRAAA-layers were deposited by spreading a monolayer on the water 
surface, applying pressure, and then lowering a prepared step-plate bearing 
a multilayer of barium stearate into the water. The protein monolayer was 
deposited on the down trip. Before the plate bearing the deposited monolayer 
was withdrawn through the cleaned water surface, the remaining film on the 
water was scraped off. This process was repeated for each succeeding layer 
added. 

Successive PRBBB-layers are deposited by a reversal of the above-described 
process. The plate is lowered through a cleaned water surface, a protein 
monolayer spread on the surface, compressed, and deposited as the plate 
is withdrawn from the water. PRABAB-layers are deposited in a manner 
similar to that used in building ordinary barium stearate multilayers. However, 
the water between the two layers must be allowed to evaporate before 
the next pair is deposited, otherwise the B-layer returns to the water surface. 

We first thought it necessary to condition the monolayer with divalent 
salts in order to prevent the return of the B-layer to the water as successive 
AB-layers were deposited. We have since found that protein monolayers 
can be built without this conditioning step by increasing the speed of the 
down trip to about 30 cm per second. 

The observed thicknesses show that with a surface pressure of F = 16.5 
dynes per centimeter the PRABAB-layers increased 22 A each trip, an average 
increment of 11 A per layer. The PRAA combination showed an increase 
of 10 A per layer for the first three trips, with no further increase thereafter. 
Each layer of the PRBB combination gained 10 A for each trip made; there 
appeared no limit in this case to the number which could be deposited. 

When a multilayer of insulin consisting of successive dehydrous AB- 
layers is slowly lowered into the water, the outer B-layer returns to the 
water surface. If this layer is scraped off, the plate withdrawn and dried, 
the multilayer shows the loss of a single layer. If this process is repeated 
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the second time, the multilayer when dried shows the loss of two additional 
layers. This may be continued until all the pairs of BA-layers are stripped 
off successively down to the PRA protein monolayer. This layer cannot be 
removed in the manner described. Each of these BA-layers consists of two 
monolayers which are held together by contact between their hydrophobic 
surfaces. On the other hand a pair of monolayers that form an AB-layer 
are joined by their hydrophilic surfaces. Apparently the penetration of water 
between the hydrophilic surfaces within the AB-layers accounts for the 
manner in which the multilayers was stripped from the plate as BA-layers 
and not in the AB combination in which they were applied. 

‘Breath figures” produced when moist air is brought into contact with 
a slightly chilled slide bearing deposited monolayers show certain striking 
differences between protein layers deposited in various ways. 

If we breathe upon a chilled chromium-plated surface, which has pre- 
viously been polished with Shamva and is therefore hydrophilic, we find 
that moisture condenses as a fine fog-like deposit consisting of minute drops 
which scatter light strongly but give no interference colors. A quite similar 
fog-like deposit is produced when one breathes upon deposited films of 
insulin of the following types: PRA, PRB, PRAAA, and PRABABA. It ap- 
pears, therefore, that these films act as if the outside surface were hydrophilic. 

From the orientation of the hydrophobic and hydrophilic groups in the 
protein monolayer on the water surface before deposition, one would expect 
an A-layer to be exotropic (13), that is, it should have its hydrophilic groups 
turned outward (away from the plate). Similar considerations would indicate 
that B-layers should be endotropic, having their hydrophilic groups turned 
inwards (toward the plate). 

The fact that the PRB-films are found to act as though they have 
hydrophilic surfaces is presumably accounted for (13) by the overturning 
of the layer which occurs because the underlying hydrophobic R-layer tends 
to anchor the hydrophobic parts of the B-layer and so makes it easy for 
the hydrophilic parts to come into contact with water when this is condensed 
on the surface. 

Films of the type PRABAB and PRBBB, when breathed upon, give an 
entirely different kind of breath figure. At first sight there appears to be no 
breath figure at all, since there is no fog-like deposit which scatters light. 
Closer examination, however, shows that the surface gives bright interference 
colors which indicate the presence of a uniform film of water of thickness 
even greater than the wave length of light. Evidently the water condenses 
as a thick film under the B-layer that forms the surface of the film, the 
phenomenon being very similar to that observed when the outside B-layer 
is stripped off of a PRABAB-film by dipping this slowly into water. The 
formation of these thick uniform condensates is therefore not incompatible 
with an endotropic orientation of the B-layer. 
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These experiments seem to indicate definitely that B-layers and A-layers 
normally retain the dorsiventral character of the protein monolayer on 
water, so that the outer surface of an A-layer tends to be hydrophilic while 
that of a B-layer is hydrophobic. In the case of the PRB-films, however, 
the phenomenon is complicated by the overturning which may occur if the 
films are not suitably anchored by the underlying layers. 


Reactivity of Protein Monolayers 


A previous paper (15) has discussed the reactivity of certain proteins 
when spread as monolayers. We concluded that in the case of pepsin the 
process of spreading the protein as a monolayer and depositing it on a plate 
did not seriously interfere with its ability to clot milk. We found, however, 


Taste VI : 


Activities of Urease Monolayers 
T = 25°C; citrate buffer; pH = 6.5 














Urease 
Thick- Urease units per Aiea 
Base Type) F | ioc, | unitst | square gram in 
per gram pepe solution 
dynes A 
PR esse ee ees AL 1, 16 11,100 | 0.0023 0 
| 2 Ay | 10.5 17 9100 | 0.0020 800 
PR ik os cca ya? Bt ete: Gt Sad Bed Ay | 16.5 31 2400 0.0010 0 
PRo cn 8 a ES eee Sa Ay, | 29.5 | 49 2700 | 0.0016 
BR = ha lovecee i Faree vey Od: We. Sins AL 1. 22 10,100 | 0.0023 
PRs 48 4.6. 4-6, Dou jor Gate aie ye A, 1, 21 7330 | 0.0016 800 
PRC (thorium desoxycholate). . . . | Ay 1. 18 5200 | 0.0013 0 
PRC (thorium desoxycholate). . . . | Ay | 29 21° | 16,800 | 0.0041 \ 0 
(same film, second dip) ..... A, | 29 16,800 | 0.0041 16,800 
PRC (TRO) 6s ee we Ss 15 2000 | 0.0004 








* This observed thickness is 28 A less than that observed on a PR barium stearate film: 

+ A urease unit is defined as that amount of urease which will form from urea phosphate 
17mg of nitrogen at 20°C and at pH 7 in 5 min. 

Nitrogen was determined with Nessler’s reagent. 


that the monolayer left the plate, being removed presumably by something 
in the milk, since washing with distilled water or a buffered solution failed 
to remove it. A resynthesis of the pepsin, as the protein leaves the slide, 
is suggested as having occurred. 

A few preliminary qualitative results were also announced concerning 
the enzyme urease. Further quantitative work (13a) has indicated that al- 
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though the monolayer shows the ability to convert urea into ammonia it 
has an efficiency in urease units (22) of only 5 per cent when compared to 
that of a similar amount added in bulk to a urea solution. Examination 
of the monolayer shows that considerably more light is scattered from the 
surface of a deposited urease monolayer than from one of insulin or pepsin 
applied under the same conditions. Thus it is possible that the observed 
activity is due primarily to entrapped globular molecules of the urease 
which have not been broken down into a monolayer. This possibility is 
further strengthened by the fact that a monolayer left on water for 15 min 
(a period which should produce greater spreading if there were entrapped 
unspread globular molecules) shows less than 2 per cent activity. Table 
VI contains some of the quantitative data obtained. 

It will be noted that as a result of the quantitative measurements which 
we have made with the urease monolayers our previous conclusions must 
be modified, particularly those concerning the effect of conditioned surfaces 
on the activity of urease. These data indicate that the monolayer is less 
firmly held by the thorium desoxycholate surface than by the barium 
stearate surface and therefore becomes detached from the slide and diffuses 
into the urea solution. This is shown by the observed decrease in thickness 
of the monolayer as well as by the continuation of urea conversion after 
the monolayer is removed. Our previous technique would not have dis- 
closed this condition. 

Further work is planned with particular attention to the amount of light 
scattered by single monolayers and the loss of activity with aging of the 
monolayer on the water surface. 

When a monolayer of catalase is spread on a water surface, transferred 
to a plate and immersed into a solution of hydrogen peroxide, oxygen ac- 
cumulates on the surface of the monolayer as visible bubbles of gas 1 mm 
or more in diameter. When the slide is withdrawn from the solution, both 
the bubbles and the catalase monolayer beneath each bubble disappear. 

A monolayer of catalase deposited as an A,-layer at F=1 dyne per 
centimeter was quite hydrophilic and after a thorough washing was found 
to be about 23 A thick. After rewetting, by dipping through a cleaned water 
surface, the place bearing the monolayer was dipped into a 3 per cent 
hydrogen peroxide solution. After the bubbles of oxygen had become about 
1 mm in diameter the plate was agitated to remove the bubbles and permit 
new ones to form. After this was done four times the bubbles stopped 
forming. The plate after removal from the solution was found to be relatively 
hydrophobic, with the bubble locations visible as regions of decreased thickness. 

When a catalase monolayer was deposited on top of a barium stearate 
step-plate conditioned with thorium desoxycholate and treated in the man- 
ner just described, an interesting difference was observed. As the bubbles 
started forming, they left the surface of the monolayer before reaching 
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one-quarter the size of those formed on a catalase monolayer deposited on 
barium stearate. As far as could be determined, the total activity of the film 
before the evolution of oxygen stopped (a period of about 15 min) was of 
the same order of magnitude, — roughly 700 cc of oxygen per milligram or 
0.2 cc of oxygen per square centimeter of monolayer. 

Further work is planned to determine whether in the case of catalase as 
with urease the activity of the monolayer is possibly due to unspread mole- 
cules enmeshed in the fabric of the spreal monolayer. 


Structure of Protein Monolayers 


The solubility and other properties of the globular proteins, together 
with the insolubility and irreversible formation of the monolayers, indicate 
that the globular proteins have a symmetrical, highly organized cage-like 
structure which breaks down or unfolds during this spreading process, 
permitting the hydrophobic groups to come into contact with the air- 
water interface. 

A study of the properties of several long-chain polymers, such as methyl, 
methacrylate and polyvinyl acetate, has shown that the force-area curves 
the expansion patterns, and the viscosities of these monolayers resemble 
closely those given by proteins. The monolayers of some of these polymers 
when compressed become anisotropic and yield fibers much like those observed 
with egg albumin. 

Protein monolayers thus consist mainly of polypeptide chains which are 
anchored to the air-water interface at intervals along their length by 
hydrophobic groups contained in the side chains (13a). The structure is 
like that of a net made to float on the surface of water by corks distributed 
over the surface of the net. The hydrophilic parts of the polypeptide chains 
remain in contact with and are surrounded by water but are not free to 
go far from the surface because they form parts of chains attached to the 
surface. The hydrophobic groups by their Brownian movement tend to 
distribute themselves over the surface like the molecules of a two-dimensional 
gas, but this expansion is constrained by the elastic properties of the long 
chains which result from the flexibility of the chain (17a). 

The marked insolubility of the protein monolayers even under high 
compression results from the great length of the polypeptide chains in the 
monolayers. The incomplete reversibility shown in the force-area curve 
of a wheat gliadin monolayer at low compressions, Fig. 4, may be ex- 
plained by the presence of a small proportion of relatively short-chain 
degradation products produced during the spreading of the protein, which 
are driven into solution by subjecting the film to a high pressure. We plan 
to study this phenomenon with films given by more strongly denatured 
proteins. 
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The dorsiventral properties of protein monolayers shown in our studies 
of deposited films indicate that the deposited monolayers resemble a fabric. 
Cross-linkages which give to the monolayer this fabric-like character may 
be due to the adherence between hydrophobic groups or may involve the 
cyclol bonds which have been postulated in the structure of the globular 
protein (25). 

Quantitative studies of viscosities, compressibilities, elasticities, etc. of 
protein monolayers should help greatly to throw more light not only on the 
structure of monolayers themselves but also on that of the globular proteins 
from which they are derived. 
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THE STRUCTURE OF PROTEINS 


Proceedings of the Physical Society 
Vol. LI, Part 4, No. 286, 592, July (1939). 


§ I. Introduction 

THE PROTEINS form one of the essential constituents of all living matter. 
A huge number of different varieties of protein exist in animals and plants. 
Apparently new kinds of proteins can be made at will by injecting into any 
animal a given protein foreign to that animal. The animal then develops an 
antibody that reacts with the foreign protein but is itself a protein. It looks 
as if we can force animals to make for us almost as many new kinds of proteins 
as the product of the number of animals and the number of proteins that 
already exist. Thus one of the wonderful characteristics of the proteins is their 
enormous number and therefore complexity. 

When we are dealing with a substance as closely related to life as a protein 
is, we may expect to find structures that we have not met with before in 
organic chemistry. 

To understand the structure of an animal, we must not only study its 
anatomy by microscopical and chemical examination of all parts of its body, 
but we must go into its physiology and biochemistry and particularly into 
the history of its evolutionary development, during the course of ages 
through mutations and natural selection. 

Similarly to understand the structure of a protein we shall need to consider 
not only its chemical composition and its physical properties, which cor- 
respond to its anatomy, but its specific biological reactions and functions. 
We must recognize also that the proteins are substances that have come 
into existence through the processes of evolution. Stanley has found that 
the virus of the tobacco mosaic disease, which he has shown to be a protein, 
can reproduce itself in the appropriate environment in the tobacco plant 
very much as if it were a living organism, and that it is capable of undergoing 
mutations which breed true. Thus we see, at least for a complicated protein 
of this kind (its molecular weight is about 50,000,000), that natural selection 
can act to preserve the mutant protein. Simpler proteins have been found 
to be formed by autocatalytic reactions from precursors; so here too we 
have evidence that proteins reproduce themselves in the proper environment, 
namely in the presence of the precursor. 

Thus the proteins possess many of the attributes which have previously 
been thought to be typical of living beings. We should therefore not be 
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surprised to find in the proteins features of structure which are quite new 
among organic molecules and which involve an organization and differentiation 
of parts that shows some approach to that of the simplest of living organisms. 


§ 2. The Fundamental Data 


Of course, at present, our knowledge of the evolution of proteins is 
practically nil, so that we cannot yet trace the development of proteins from 
their still simpler beginnings. We have to be content with theories of protein 
structure based upon the known facts regarding these substances. From the 
enormous number of data that have been collected by chemists, physicists 
and biologists we must select those that seem particularly relevant to questions 
of structure. I have twelve chosen groups of data that seem to me to be 
of the most significance. 

(1) The amino-acid composition of proteins. About twenty-five varieties of 
amino-acid molecules, NH,—CHR—COOH, represented by different side- 
chains or R groups, have been found among the degradation products of proteins. 
The chemist has shown that proteins are built up of such molecules, joined 
together by the elimination of water, and has suggested that proteins consist 
of polypeptide chains 

NH,—CHR—CO—(NH—CHR—CO),—NH—CHR—COOH 
in which the amino-acid residue functions as a two-armed unit 
—(NH—CHR—CO)— (A) 


(2) The amino-acids in proteins are of a type. The molecules thus have 
a common backbone C—C,—N, and none of them have backbones such as 
C—C,—C,;—N, C—C,—C,—C,—N. 

(3) The laevo configuration of C, in the amino acids in proteins. The C, 
atom in amino acids can be right-handed or left-handed. However, all the 
amino acids formed by the degradation of proteins are of laevo type. 

(4) The valency angles and distances apart of carbon and nitrogen atoms. 
Crystallographical data have shown that carbon and nitrogen when single 
bonded in general have tetrahedral valency angles, and that the distance 
between single bonded carbon atoms and between single bonded carbon and 
nitrogen atoms is about 1.5 A. 

(5) There exist globular proteins which have definite molecular weights discretely 
arranged. It has been found by Svedberg and co-workers that many proteins 
have definite molecular weights and that the molecular weights fall into a number 
of discretely arranged molecular-weight classes. Each molecular-weight class 
has a considerable spread. Svedberg finds a class at about 18,000, another 
at about 36,000, and a number of other molecular-weight classes, practically 
all of which are multiples of about 18,000. Evidence has also been found which 
indicates that these proteins are in some sense globular and that some 
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of them, e.g. insulin, are approximately spherical. These researches seem 
to indicate that these proteins are definite compounds, and there is now a general 
consensus of opinion among protein chemists that each of these proteins 
is a definite chemical individual, all of whose molecules are alike. 

Now that is quite a different state of affairs from what would be expected 
from long-chain molecules. The chemist knows how to make many kinds of 
polymers which are long chains, but these are quite indefinite in length. 
According to the way in which they are made, the lengths have different 
average values. Such polymers are not definite chemical individuals, and as 
such are to be contrasted with the proteins. 

(6) The numbers of individual amino-acid residues in proteins are in many 
cases powers of 2 and 3. In trying to find out as much as he can about 
the constitution of proteins, the organic chemist has met with a certain amount 
of success. For instance, some of the latest results obtained by Max Bergmann 
in New York may be cited. He has determined the numbers of various types 
of amino-acid residues in certain proteins and concludes that these numbers 
are always powers of 2 and 3. In the particular case of egg albumin, whose 
molecular weight is about 36,000, he concludes that each individual molecule 
contains 288 residues. If we consider the many thousand different ways in 
which a molecule of this order of molecular weight can be made up of different 
proportions of the available amino acids, these are remarkable results. Other 
proteins also have been considered in this way, and Bergmann has suggested 
that there are 2 x288 residues in the molecules of ox haemoglobin and ox 
fibrin. Facts of this kind undoubtedly tell us something about the structure 
of a protein molecule. 

(7) The globular proteins have extremely specific properties. Perhaps the 
most striking of all facts about the globular proteins is their degree of specifi- 
city. Thus haemoglobin in each different type of animal seems to differ 
in spectrum and in detail of its behaviour with oxygen. Immuno-chemistry 
in general draws the same picture of globular proteins as highly organized 
structures with extremely delicate specificities, as evidenced by antigen- 
antibody reactions. 

Not all of the specific reactions involve interactions between proteins; 
some proteins catalyse decompositions of very simple substances. For example, 
urease changes urea into ammonia, catalase liberates oxygen from hydrogen 
peroxide and other enzymes act on carbohydrates, and so on. 

(8) The denaturation of the globular proteins. The globular proteins have 
an extraordinary property, namely the capacity to become denatured. As 
far as I know, that term is not used to describe the properties of any substance 
except proteins. For example, pepsin in a concentration of one part in 50,000 
or so causes milk to clot, and this property is in fact used as a measure of 
the activity of the pepsin. Now this specific property (and other specific 
properties in other cases) disappears quite abruptly under certain treatments. 
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The activity of a solution of pepsin can be reduced and finally destroyed 
by shaking in a partly filled bottle. It can be destroyed by heating to 65° 
for a few minutes and in many other ways. Denaturation usually renders 
a soluble protein insoluble; but in the presence of sufficient acid or alkali 
it may remain soluble, and the molecular weight under such conditions has 
been found to be substantially the same as that of the native protein. 

There exist, particularly in animals, large numbers of substances which 
have the general chemical composition of proteins, and are therefore called 
proteins, but do not form true molecular solutions and are thus to be contrasted 
with the globular proteins. Examples are furnished by the extra-cellular proteins, 
such as the collagens, keratins (hair, wool, scales, feathers, etc.), and silk 
proteins, which have, or by stretching can be made to have, a fibrous struc- 
ture. These are probably all formed in the animal body by the denaturation 
of globular proteins. Denaturation appears to be a very remarkable property 
of the globular proteins. We find nothing like it with substances having 
molecules of ordinary size, or in the long-chain molecules of high molecular 
weight, nor would we expect to do so. 

(9) Many globular proteins, but no denatured proteins, have the power to 
crystallize. Many of the globular proteins form crystals in spite of the size 
of their molecules, but it appears that no denatured protein has ever been 
obtained in crystalline form. The crystals of the globular proteins are re- 
markable in that they are of high symmetry, often cubic or hexagonal, 
whereas most organic substances, except those having very small molecules, 
give crystals of low symmetry such as monoclinic or triclinic, 

The ready formation of highly symmetrical crystals from pure globular 
proteins and the absence of crystals from denatured proteins indicates that 
the molecules of the globular proteins are themselves structures possessing 
a high degree of symmetry, and that this structure is destroyed by denaturation. 

(10) Many of the globular proteins are very soluble in water or salt solutions. 
The solubility or insolubility depends largely upon the presence of and 
availability of hydrophilic and hydrophobic groups. Only those groups that 
form the surface of the molecule determine the solubility. Evidently, then, 
the solubility and its modification by various agents should give information 
regarding the distribution and arrangement of these groups in the molecules. 

(11) Many proteins when in solution spontaneously form monolayers which 
are extremely insoluble. This insolubility indicates the presence of hydrophobic 
groups which are made available by the spreading process. A study of the 
formation and properties of monolayers given by globular and by denatured 
proteins thus throws light on the structure of the globular proteins and the 
modifications produced by denaturation‘), 

(12) A number of globular proteins give X-ray photographs. X-ray photo- 
graphs have been obtained in recent years from crystals of pepsin, insulin, 
haemoglobin, chymotrypsin, lactoglobulin, tobacco-seed globulin and other 
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proteins. Wet crystals, which often contain over 50 per cent of water, give 
far better photographs than dry crystals. In some cases the data permit 
the measurement of many hundreds of reflection intensities. The X-ray data 
indicate that the crystals are not mere lattice-like arrangements of ill-defined 
molecules, but that the molecules themselves possess high symmetry and a fine- 
grained internal structure implying an organization or architecture quite 
unique for molecules of such size. X-ray methods, in the future, should 
provide data by which all details of protein structure may ultimately be 
found. At present the difficulties of interpretation of such data are extremely 
great, so that the X-ray data now serve only as a test of theories of structure 
derived from other sources. 

The twelve points summarized briefly above give an outline of the available 
facts relating to the proteins, and any theory of protein structure, or any 
views regarding protein structure, should be consistent with as many of 
these phenomena as possible. 


§ 3. The Globular Proteins 


Although the globular proteins differ from one another very greatly in 
many properties, they possess in common some remarkable features which 
suggest that all the globular proteins have a highly organized type of structure 
that distinguishes them from all other substances. How are we to find this 
characteristic structure of the molecules of the globular proteins? 

In general, the structure of organic molecules has been investigated by 
organic chemists, and in this they have been very successful. Many years 
ago, while I was discussing with Nils Bohr the extraordinary scientific 
achievements of the nineteenth century, he expressed his admiration of the 
great accomplishments of the organic chemists in deriving the structures of 
aromatic compounds and stereo-isomers. I think physicists realize only im- 
perfectly the magnificent feat which the chemists performed in finding so 
many structures, without any of the tools which the physicist of to-day has 
come to think essential. 

These chemical methods, often thought of as involving chemical intuition, 
are particularly applicable to cases which are so complicated that the modern 
direct methods of the physicist are not available. Thus we should expect 
that the cumulative evidence obtained from a study of the general physical 
and chemical properties of proteins might serve as a foundation for a theory 
of the characteristic structural features of the proteins, even if it is as yet 
premature to attempt to derive the complete structure of any single protein. 

During the gradual development of organic chemistry, many specific reactions 
or tests for the presence of certain groups of atoms or types of binding between 
atoms have been found, but none of these have been shown to be charac- 
teristic of the globular proteins. This failure appears to be associated with 


Google 


The Structure of Proteins 121 


the extreme ease with which the native proteins are denatured. It is evident 
that the really characteristic features of the globular proteins are destroyed 
by most of the treatments to which the chemist subjects the proteins during 
his study of them. For example, in deriving the amino-acid constitution of 
the proteins the usual initial procedure is to boil the protein for a long time 
with acid. Since some proteins in solution are denatured by heating for a few 
minutes at 65°, this treatment is hardly likely to yield much detailed information 
about the way in which the amino-acid residues were joined in the original 
protein. It is as though, to learn about the architecture of Ypres, you were 
first to let an army bombard it, and then to examine the ruins. 

The situation is somewhat analogous to that met with in quantum physics, 
where the experimental conditions required for observing the position of an 
electron modify the velocity and so prevent an accurate measurement of the 
original velocity. 

Although the detailed techniques of orthodox organic chemistry may thus 
throw little light upon the characteristic structure of the native proteins, the 
general inductive methods of reasoning which were responsible for the early 
development of organic chemistry are admirably adapted for an attack on 
the problem on the basis of the known general physical and chemical properties 
as outlined in the twelve points that have been listed. 

When the chemist found substances consisting of polypeptide chains among 
the degradation products of proteins, he made the natural inference that proteins 
in general have polypeptide structures. According to this picture the protein- 
building unit is the two-armed amino-acid residue which can form unbranched 
chains of any length. The proteins should thus differ from one another 
only in the kinds of amino-acid residues present and in their linear sequence. 
The number of possible different ways in which twenty kinds of residues 
could be arranged in single chains containing two or three hundred such 
residues is of course enormous and could perhaps account for the large 
number of proteins that can be formed. 

Such a structure may account satisfactorily for the properties of the fibrous 
proteins and many of the products formed by the denaturation or degradation 
of the globular proteins. A simple polypeptide chain theory, however, does 
not appear to be compatible with the properties of the globular proteins 
as given in items 5, 6, 7, 8, 9, and 10 of our list. 

Let us consider for a moment some of the properties that chemists have 
found to be characteristic of organic molecules consisting of chains of atoms 
such as carbon and nitrogen. When the molecules are free, as for example 
when they are in solution, the parts of the molecule are nearly free to rotate 
about every axis corresponding to the bonds connecting adjacent atoms that 
form the chain. Such molecules should therefore not have characteristic shapes. 
The simple crystalline form (item 9 § 2) given by globular proteins shows, 
however, that their molecules have definite and symmetrical shapes. 
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The chemist knows also that the reactivities and other properties associated 
with a group attached to one of the links of a chain are modified by the 
presence of certain groups attached to neighbouring links. Thus chemical effects 
can be transmitted along the chain. For example, consider derivatives of 
propionic acid CH,R—CH,—COOH. For propionic acid itself, where R 
represents a hydrogen atom, the dissociation constant, which measures the 
ease with which a hydrogen ion escapes from the —COOH group, has the 
value 1.4x 10-5. With B-chlorpropionic acid, in which R represents a chlorine 
atom, the dissociation constant has increased to 8.6x10-*. Some effect has 
thus been transmitted along the chain from the f carbon atom to the 
carboxyl group. An examination of similar data for a series of chlorine- 
substituted fatty acids‘), in which the chlorine is attached to different carbon 
atoms of the chain, has shown that the effect transmitted along the chain 
decreases exponentially as the length of the transmission path increases, each 
intervening carbon atom decreasing the effect in the ratio 2.7:1. The effects 
directly transmissible along the backbone of a polypeptide chain should thus 
extend only to distances of one or two residue-lenghts. 

The specific properties of the globular proteins, however, prove that ef- 
fects are transmitted throughout practically the whole molecule. In the case 
of interactions between proteins, such as antigen-antibody reactions, one 
might assume that the specificity depends upon the lengthwise association 
or fitting together of two linear polypeptides much as two chromosomes, 
one from the male and the other from the female germ cell, join along their 
lengths. Thus the linear sequence of the amino acids in a polypeptide might 
have a significance similar to that of the genes in the chromosomes. But 
this hypothesis cannot explain the specific reactions of urease, catalase or 
haemoglobin where single protein molecules react with simple substances 
such as urea, hydrogen peroxide or oxygen. The fact that the absorption 
spectrum and oxygen affinity of the haematin in the haemoglobin molecule 
depends upon the specific properties of the globin to which it is bound 
proves the long-range transmission of chemical effects within the framework 
of single globin molecules. 

The properties of crystals of straight chain hydrocarbons and their deri- 
vatives, such as the normal fatty acids and alcohols, are frequently considerably 
modified by the addition of one —CH,-link to the length of the chain. 
This, however, does not indicate an effect transmitted directly through the 
chain from one end to the other, for it results from the fact that the crystal- 
lizability depends upon the symmetry of the molecule as a whole. Thus the 
melting points and other properties of the crystals frequently show alternating 
positive and negative increments upon the addition of successive —CH, groups, 
while the properties of the liquids show no such irregularities. Evidently 
then the crystal forms given by compounds consisting of simple polypeptide 
chains (if these are short enough to give crystals at all) might be very 
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sensitive to the particular amino acids present and to their sequence, but such 
sensitivity would not appear in the properties of solutions of these substances. 

Chemists have long known that two substituents in the benzene molecule 
have a particularly large effect on one another. It is now known that this 
is an example of electronic resonance that occurs when adjacent double and 
single bonds can give a kind of tautomerism between two possible configurations. 
Resonance tends to give an increased stability to a structure and greatly increases 
its power to transmit chemical effects between groups connected by the resona- 
ting atoms. Hydrogen atoms which act as bridges between two oxygen 
atoms (hydrogen bonds) also give resonance, for the single bond of the hydro- 
gen atom in the classical valence theory may be thought of as alternating in 
position between the hydrogen atom and each of the two oxygen atoms. 

The extraordinarily great transmission of chemical effects throughout the 
molecules of the globular proteins thus seems to demand a structure whose 
parts are bound by resonating atoms. The simple polypeptide chain with its 
singly bonded carbon and nitrogen atoms should show no resonance and there- 
fore cannot account for the properties of the globular proteins. 

The discrete molecular weights of the globular proteins (item 5) and the 
occurrence of only powers of 2 and 3 in the number of particular residues 
(item 6) seem to be incomprehensible on the basis of a structure consisting 
of a simple polypeptide chain. Bergmann and Niemann have suggested )® 
that each kind of residue occurs at regular intervals along the length of the 
chain as determined by a kind of resonance of the chain as a whole, nodes 
and loops being formed at regular intervals. In view of the absence of resonating 
atoms in the simple polypeptide chain, and of the fact that the differing 
composition of the residues in the successive intervals between the residues 
of any kind would make the intervals unequal we must reject this as a purely 
ad hoc hypothesis. 

The phenomena of denaturation (item 8) also seem incompatible with 
a simple polypeptide structure for the globular proteins. The treatments 
required for the milder forms of denaturation are incapable of breaking apart 
the polypeptide chain or causing an alteration of the sequence of the residues 
in such a chain. How therefore could they have such a profound effect on 
the specific properties which are assumed to depend on this sequence? 

The high solubility in water of many globular proteins (item 10) proves 
that the surfaces of these molecules are almost wholly hydrophilic, yet the 
extreme insolubility of the monolayers formed from these proteins (item 11) 
proves the presence of a large proportion of hydrophobic groups in the mole- 
cules, Such a change in the availability of the hydrophobic groups indicates 
that there is a radical difference in structure between the molecule of the globular 
protein and the monolayer formed from it. If both were to consist of simple 
polypeptide chains, with free rotation about the bonds between the links, 
no such difference in properties is conceivable. 
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Many protein chemists, while maintaining that a single polypeptide chain 
forms the backbone of the protein molecule, now recognize that there are many 
reasons for believing that the chains of separate molecules in protein fibres 
and different parts of the same chain within single molecules are interconnected 
by cross linkages. These are usually assumed to involve the side chains, parti- 
cularly those containing polar groups, or to consist of disulphide bridges formed 
from two cysteine residues. Such cross linkages, although they may often 
exist and account for some properties of proteins, would give no resonance 
and could not explain the transmission of chemical effects that must be respon- 
sible for the specificities of the globular proteins (item 7). The number of 
such linkages within any one molecule should be relatively small and very 
greatly dependent upon the presence of particular residues, and thus would 
not give the highly organized characteristic structure of the globular proteins 
needed to account for the properties listed in items 5 to 12. 


§ 4. Many-Armed Units 


A few years ago Dr. Wrinch attempted to study the structure of chromo- 
somes'®), Realizing that this problem was insoluble without a knowledge of 
the structure of the substances of which they are composed, she proceeded to 
analyse the available data relating to the structure of proteins. Starting with 
the datum that the proteins are condensations of amino-acid molecules (item 1), 
using the tetrahedral valency angles for carbon and nitrogen atoms (item 4), 
taking a definite mean value @ (say 1.5 A.) for interatomic carbon-carbon 
and carbon-nitrogen distances, and specifically using the datum that all the 
amino acids are of a type (item 2), she attempted to work out possible 
structures for protein molecules, correlating these sets of facts into a single 
scheme"), 

In a simple polypeptide chain theory no particular significance is to be 
attached to the fact that the constituents of proteins have the common backbone 
unit —C—C,—N— and never for example a unit —C—C,—C,—C-—, yet so 
striking a fact must be fundamental for the structure of proteins. The two- 
armed building unit (A), 

—(NH—CHR—CO)— (A) 


however, seems to require a simple linear arrangement of the units giving 
a straight-chain polypeptide. A building unit having greater combining capacity, 
such as one with four arms, would permit of the formation of structures covering 
surfaces or filling volumes which would be capable of having a much higher 
degree of organization than a mere linear array of units. 

The need for such a many-armed unit is also strongly indicated, I believe, 
by the facts of genetics. The chromosomes in a fertilized germ cell must 
contain the complete specifications of the adult animal that develops from it. 
When one considers, for example, the enormous complexity of the arrangement 
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of cells in the human brain, and the inherited instincts and capabilities that 
they carry, one cannot but marvel that the specifications for so many details 
can be packed into a volume as small as that occupied by the chromosomes. 
Certainly to solve such a problem Nature has needed to utilize all available 
structural resources in the geometrical arrangements of the atoms within 
the proteins that form the chromosomes. A restriction to a mere linear ar- 
rangement in an unbranched chain would enormously limit the structural 
possibilities. It seems highly probable that Nature has taken full advantage 
of the extra degree of freedom provided by the 2-dimensional or 3-dimensional 
arrangement of units permitted by a many-armed unit. 

Adopting a suggestion of F.C. Frank®, Dr. Wrinch has postulated the 
four-armed building unit (B): 


NS 4 
emaimacais (B) 


obtained from the two-armed unit (A) by the transfer of a hydrogen atom or 
proton from the nitrogen of one residue to the adjacent —CO group in the 
next residue. To realize the vastly increased number of possible structures 
permitted by the four-armed unit as compared with those given by a two- 
armed unit, one only needs to contrast the chemistry of the tetravalent element 
carbon with that of divalent elements like oxygen. 

Dr. Wrinch then proceeded to investigate mathematically the possible ar- 
rangements of these four-armed units and to determine whether any of the 
resulting structures possess features that correspond to the known properties 
of proteins. The cyclol theory is concerned with the implications and con- 
sequences of this postulate of the four-armed unit. Since this unit has the 
composition of an a-amino acid residue and the asymmetric carbon atom in 
it may be assumed to have the laevo configuration, structures given by the 
cyclol theory automatically conform to items 1, 2, and 3 of our list. Dr. Wrinch 
has confined herself to structures in which the tetrahedral valency angles 
characteristic of the carbon and nitrogen atoms are preserved. Thus the 
structures also conform to item 4. 


§ 5. The Cyclol Fabric 


Just as the two-armed units (A) can give an endless chain, so the four- 
armed units (B) can give a 2-dimensional array or plane fabric that can extend 
indefinitely. The lace-like pattern of this cyclol fabric is shown in Fig. 1. 
It is seen that the carbon and nitrogen atoms that form the skeleton of the 
fabric form six-membered rings that are of two kinds. There are diazine rings 
which contain two nitrogen atoms, two CHR groups and two COH groups. 
There are also triazine rings which contain three nitrogens and three COH 
groups. Each diazine ring links together two triazines, while each triazine 
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is joined to three diazines. The fabric as a whole has trigonal symmetry 
about any triazine ring. The three —OH groups attached to the three carbon 
atoms of any triazine ring lie on the same side of the plane of the fabric, 
but in three neighbouring triazines (beyond the adjacent diazines) the oxygens 
lie on the opposite side of the plane. 

A characteristic feature of the cyclol fabric shown in Fig. 1 is the presence 
of lacunae or openings around which there are six triazine rings at the 
corners of a hexagon and six diazine rings that form the sides of the hexagon. 
The side chains that are attached to the carbon atoms on the near side of 
each diazine ring are arranged around the lacuna with trigonal symmetry 
Three of these side chains are bound to the carbon atoms of the fabric by 





Fic. 1. A fragment of the cyclol fabric. The median plane of the lamina is the 

plane of the paper. The lamina has its ‘‘front” surface above and its ‘‘back”’ surface 

below the paper. @ =N. © = C(OH), hydroxyl upwards. @ = C(OH), hydroxyl 

downwards. QC — = CHR, direction of side chain initially outwards. 0 - = CHR, 
direction of side chain initially upwards. 


bonds that rise vertically upward from the median plane of the fabric, while 
the other three are attached by bonds that form an angle of 71° with the normal 
to the plane. Thus the bonds that hold the side chains all lie on one side of 
the median plane. The fabric is thus dorsiventral, i.e. its two sides are dif- 
ferent. This characteristic results from the fact that all the amino acids have 
the same configuration (item 3). This puzzling uniformity thus receives a simple 
interpretation on the cyclol theory. 

The fact that only a-amino acids are present in proteins (item 2) also be- 
comes understandable on the basis of the cyclol theory, for only by having 
building units of equal length, and in fact only with three atoms in the 
chain, can a symmetrical plane fabric structure such as the cyclol fabric be 
constructed. 

Other types of fabric. It should be noted that the cyclol fabric, Fig. 1, 
contains only B units; Dr. Wrinch has shown that by using both A and B 
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units it is possible to construct a large number of other fabrics which, however, 
all have larger lacunae and therefore a less compact structure!!), Although 
she has made many attempts she has not yet succeeded in constructing any 
plane fabric, other than that shown in Fig. 1, using only B units. It seems 
therefore improbable that any other fabrics of this type exist. The cyclol fabric 
thus seems to be derivable automatically, as a definite mathematical conse- 
quence, from the postulate of the four-armed B unit and the tetrahedral 
valency angles of the nitrogen and carbon atoms. 

Cyclol bonds and peptide links. The B unit was derived from the A unit 
by the transfer of a proton from a nitrogen atom to the neighbouring CO 
group. The pair of new bonds produced in this way may be called cyclof 
bonds. Conversely, the passage of a proton from any COH group in a cyclol 
fabric to either one of the two adjacent nitrogen atoms causes the breaking 
of a cyclol bond but leaves the resulting CO group bound to the other 
nitrogen. The breaking of cyclol bonds therefore does not allow the residues. 
to fall apart but leaves them bound by peptide linkages as in the normal 
polypeptide chain formed of A units. The breaking of all the cyclol bonds 
in a cyclol fabric leaves closed polypeptide chains consisting only of A units. 

This breakdown can conceivably occur in many ways, for in the breaking 
of one cyclol bond a proton can pass to either of two nitrogen atoms‘), 
It might seem, therefore, that an enormous number of different polypeptide 
chains would result from the degradation of a single protein. It is more pro- 
bable, however, that the strength of any cyclol bond depends on the nature 
of the neighbouring side chains, and thus the breakdown of the fabric may 
be expected to follow a preferred path giving a very limited and definite 
set of closed chain polypeptides. 

Chemists have raised several objections to the cyclol bond, upon which 
the cyclol theory is based. Some chemists assert that a bond of this type 
has never been found in chemical compounds and therefore must be too 
unstable to exist. One must remember, however, that the substances whose: 
structures the chemists determine are not often broken down by such mild 
treatments as those that cause denaturation of proteins. In fact, the cyclof 
bond, if it is to explain the structure of the globular proteins, must be so 
unstable that the chemist should not have found it by the methods he uses. 
There have been some attempts to calculate the energy of formation of 
cyclol bonds and so to prove that they are too unstable to be formed. The 
theoretical basis of such calculations and the data upon which they rest are 
as yet too uncertain to be of much value, especially as they fail to take into 
account several stabilizing factors that we shall discuss presently. 

Another objection often raised is that covalent bonds between carbon 
and nitrogen, such as those that act both between the A units in the poly- 
peptide chains and between the B units in the cyclol fabric, involve too much 
energy to permit the ready formation and breakdown of the cyclol fabric. 
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The formation of the cyclol bond, however, involves not merely new bonds 
between carbon and nitrogen but also causes an NH group to lose its 
hydrogen and changes a CO group into a COH, changes whose energies may 
compensate for that of the carbon-nitrogen bond. A definite answer to this 
type of objection is given by the observed reversible formation of aldehyde- 
ammonia, by the reaction: 


CH, CH, 
do.nn,-Hdon 
if NH, 


Here the nitrogen atom from the ammonia attaches itself directly to the carbon 
of the CO group and gives a COH just as in the formation of the cyclol 
bond. The reaction gives an equilibrium at ordinary temperatures so that 
it must be easily reversible. 

Folding of the cyclol fabric into polyhedra. The cyclol fabric possesses 
many features which suggest that it can account for many of the properties 
of the globular proteins. Whereas the polypeptide chain, with its free rotation 
about the bonds connecting its links, has no definite shape and thus has no 
predisposition to give crystals, the cyclol fabric has a skeleton with a highly 
organized and symmetrical structure which might confer on molecules built 
from it a strong tendency to crystallize (item 9). The trigonal symmetry of 
the fabric might be the basis for the occurrence of the factor 3 in Bergmann’s 
numbers (item 6). The unique position of the globular proteins among all 
products that are obtained by their denaturation and degradation could thus 
be interpreted as an indication that they alone are built exclusively of B units; 
on this view denaturation results from the breaking of cyclol bonds, with the 
production of less symmetrical and less closely integrated structures. 


§ 6. Cage Structures 


The plane cyclol fabric, however, can extend indefinitely in two dimensions 
and so does not give discrete molecular weights or definite, chemically individual, 
substances. In this respect it has the same inadequacy as the polypeptide 
chain. Dr. Wrinch was thus led to study the possibility of folding the plane 
cyclol fabric into space-enclosing structures. 

In the skeleton of the cyclol fabric all the carbon atoms are surrounded by 
four other atoms in positions corresponding to the four tetrahedral valency 
angles. In the case of the nitrogen atoms, however, only three of these positions 
are occupied. It thus happens that the cyclol fabric can be folded along certain 
trigonally arranged lines, but only at the tetrahedral angle of 109°, by the 
shifting of bonds on certain nitrogen atoms to the previously unoccupied 
positions. The cyclol theory thus leads to the consideration of those polyhedral 
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cage structures which can be formed by folding the fabric through angles 
of 109°. The necessity of preserving the valency angles presents certain 
difficulties at the corners where two folds meet. This further restricts the 
possible lines along which folding can-eccur. 

The polyhedra that can be formed from the cyclol fabric in this way 
have definite sizes and shapes. Even after much study only one series of 
polyhedral cage structures has been discovered. These are all truncated 
tetrahedra, whose eight faces are all parallel to corresponding faces of a regular 
octahedron. Their sizes are such that they can comprise only 72, 288, or in 
general 72n? residues, where n is any integer. For convenience these structures 
are represented by the symbols C,, C,, and C,. Figure 2 shows a photograph 
of a model of the C, structure. 





Fic. 2. 


These C, structures have no centre or plane of symmetry. If we consider 
only the skeleton (disregarding the positions of the side chains) they have 
four triad axes and three dyad axes, which are direct consequences of the 
triadic and dyadic symmetries of the triazine and diazine rings. With different 
selections and arrangements of R groups the symmetry may be decreased. 
Evidently, appropriate arrangements of R groups can give trigonal molecules. 

These polyhedral cage structures are a mathematical consequence of the 
original assumptions of the cyclol theory. They show that the existence of glo- 
bular proteins, having definite molecular weights, can be deduced from this 
theory and that no continuous variation of molecular weights ‘of proteins is 
to be expected. They indicate a deep-seated symmetry in the architecture of 
protein molecules, which is a direct consequence of the rhythm of C—C,—N 
in the chemical composition of proteins. Numbers such as 5 or 7 do not 
put in an appearance in such a picture, and numbers involving 2 and 3 occur 
naturally, without any ad hoc assumption. 
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These structures explain the definite molecular weights found by Svedberg, 
since cages comprise definite numbers of residues. The molecular-weight 
classes thus indicate structures having certain special numbers of residues. 
Different selections of amino acids cause the spread of the molecular-weight 
classes. The geometrical relations between the various cage structures explain 
the relations between the molecular-weight classes. The molecular-weight 
class at about 36,000, in particular, is interpreted as indicating the C, structure 
which contains 288 residues. This is in agreement with Bergmann’s claim that 
the egg-albumin molecule contains 288 residues. The symmetries of the cyclo 
molecules explain the numbers 2*.3" which Bergmann has found for the 
numbers of individual amino acids in several proteins (item 6). 

Stability of cyclol cages. Although cyclol bonds in isolation may well be 
unstable, yet in the cyclol fabric they may be stabilized by several different 
factors. The formation of a triazine ring, for example, presumably has such 
an effect. 

In a triazine ring the three carbon and the three nitrogen atoms occupy 
alternate positions. The three carbons carry oxygens, and according to the, 
original cyclol hypothesis each oxygen carried a hydrogen. The chemist, howe ver 
has found no evidence of hydroxyl groups of this kind in proteins and is 
thus sceptical of their existence. But there have already been many cases in 
which the chemist has not been able to find hydroxyls which he had reason 
to suppose were present in a structure. In salicylaldehyde and nitrophenol, 
for example, spectroscopic investigations showed that the hydroxyl band is 
absent. The deduction was then drawn that the hydrogen acts as intramolecular 
bond between oxygens"), This explanation fitted well with the abnormal 
closeness of approach (about 2.5 A) of the oxygen atoms in these structures 
which in many cases had already been interpreted to indicate hydrogen bonding 


cto hoos: 


(Q.bottom () top €) sides 
Fic. 3. 


Let us then treat in exactly the same way the triazine rings in the cyclok 
fabric, in which the oxygens also lie abnormally close together (about 2.45 A 
apart). If we postulate that each hydrogen atom takes a position between two 
oxygens and forms a bond between them, we have a cage-like structure compri- 
sing five six-membered rings as illustrated in Fig. 3. 

Fig. 3 (a) shows the projection on to the plane of the fabric of the 
positions of the three carbon and three nitrogen atoms that form the skeleton 
of the triazine ring. If we consider one of the triazines in which the oxygens 
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lie above the carbons, then the top of the cage, which is shown in Fig. 3 (b) 
as a projection on to the plane of the; fabric, (consists of a six-membered 
ring having three oxygens connected by three hydrogen bridges. The three 
sides of the cage are shown diagrammatically in Fig. 3 (c) as a developed 
surface formed by opening the triazine ring and spreading its sides out into 
a single plane perpendicular to that of the fabric. 

The presence of hydrogen bonds between the oxygens of the triazine rings 
would not only account for the short distance between the oxygen atoms and 
the chemist’s failure to detect OH groups in proteins, but would give a type 
of resonance that could increase the stability of the cyclol fabric and, by 
permitting the transmission of chemical effects throughout the fabric, explain 
the extraordinary specificity of the globular proteins. 

In the cyclol fabric, because of the multiple paths by which any two atoms 
of the skeleton are bound together, the breaking of a single cyclol bond does 
not lead to a disintegration of the fabric. The broken bond may thus be re- 
established at a later time. It is reasonable to assume that throughout the 
cyclol fabric there may be a tautomeric equilibrium between A and B units 
by which cyclol bonds are continually breaking and reforming, although at 
any time only a negligible fraction of B units are present. This would give 
to the proteins a high reactivity. Denaturation which depends upon a breakdown 
of the fabric would thus require the simultaneous breaking of a large number 
of cyclol bonds and would involve a very high activation energy in accordance 
with the extremely high observed value of the temperature coefficient of 
the rate of denaturation by heat. The multiple paths of linkage which thus 
give this high activation energy must therefore also contribute a stabilizing 
factor to the cyclol fabric. 

The closing of the cyclol structure into a complete polyhedron, which 
eliminates edges from the fabric and greatly increases the symmetry, furnishes 
a third stabilizing effect, which would help to overcome any inherent instability 
in isolated cyclol bonds. The chemical objections that have been made to 
the cyclol bond on the score of stability are therefore not applicable to the 
cyclol structure of the globular proteins. 

Resonance within cyclol cages. With the hydrogen bonding between the 
oxygen atoms, each triazine ring becomes a resonant system which links together 
six neighbouring side chains. May we not perhaps regard each diazine ring 
in the cyclol fabric as the analogue of an electrical circuit, whose natural 
frequency is determined by the character of the side chains in this ring? 
If we have resonant circuits coupled together through the triazine rings 
they should be characterized by n* frequencies, no one of which would be 
the same as the natural frequencies of the separate circuits. An electrical network 
having coupled resonant circuits with the geometrical arrangement of the 
diazine rings of the cyclol polyhedra should possess interesting properties 
that might help to explain the specificity of the globular proteins. The situation 
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would presumably be somewhat analogous to that in the Debye theory of 
the specific heats of crystals, in which a crystal is considered as having a large 
number of modes of vibration. Thus the cyclol polyhedra may be characterized 
by a whole spectrum of frequencies definitely correlated with the symmetry 
of the structure as a whole. A single factor which disturbs the symmetry might 
have a profound effect upon some of the characteristic frequencies. If we 
imagine that these frequencies are important in the interactions between 
proteins or in funneling the energy to a prosthetic group (as to the haematin 
in haemoglobin), we have a possible reason for the important effects produced 
by apparently minor changes in the structure of the protein molecule. 

Protein monolayers. The spreading of proteins to form monolayers which 
are extremely insoluble, even when compressed between barriers, proves 
the presence within each molecule of protein of hydrophobic groups having 
an effect equivalent to at least 340 CH, groups“, On the other hand, the 
high solubility of many globular proteins in water shows that these hydrophobic 
groups cannot be present in the surfaces of the molecules but must be hidden 
away in the interior. The solubilities of the globular proteins and the insolu- 
bilities of their monolayers is definite evidence for a cage structure of the mole- 
cules of the globular proteins. The breakdown of the cage structure by the 
formation of the monolayers or by other forms of denaturation makes available 
the hydrophobic groups and so tends to render the protein insoluble. 

The situation in regard to the solubilities of the proteins is closely related 
to the solubilities of soaps and many other substances whose molecules have 
long hydrocarbon chains which carry ionic groups at one end‘), The hydro- 
phobic parts of the molecules of these substances tend to coalesce and thus 
form droplets or micelles having a hydrophilic surface and a hydrophobic 
interior. G. S. Hartley has shown that cetyl trimethyl ammonium salts form 
spherical micelles of nearly uniform size having a radius equal to the length 
of the hydrocarbon chain“), The decrease in free energy involved in the 
formation of these micelles results from the coalescence of hydrophobic groups. 

The coalescence of the hydrophobic groups in the interior of a cyclol cage 
molecule, such as that postulated for insulin, would similarly result in a large 
decrease in energy and so furnishes us with a fourth stabilizing factor for 
the cyclol polyhedra. A rough calculation indicates that at least 600 kcal. is 
involved in bringing together the hydrophobic groups of an insulin molecule 
within the cyclol cage structure. 

Denaturation of globular proteins. The polyhedral cage structure correspond- 
ing to C, contains 288 residues. The number of ways in which 20 kinds of 
side chains could be arranged in these 288 available positions is of course 
prodigious, but is insignificant in comparison with the number of products 
that could be formed by the progressive breakdown of the structures by the 
successive breaking of cyclol bonds. Thus the globular protein, which cor- 
responds to the cyclol cage, occupies a unique position as the only structure 
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consisting wholly of B units. No such unique position of the globular protein 
is suggested by the polypeptide theory or, as far as I know, by any other 
theory of protein structure. It fits the observed remarkable properties of the 
globular proteins so well as to give strong support to cyclol theory. 

It is probable that very special conditions, characteristic as yet only of 
living organisms, are required to bring amino acids into the highly organized 
structure of the cyclol polyhedron. Denaturation corresponds to any breakdown 
of the structure produced by the opening of cyclol bonds. We can see why 
denaturation is usually an irreversible process, although in some cases of very 
mild denaturation, where few bonds are opened, the bonds may reform because 
the multiple paths of binding hold the parts in suitable position. Sufficiently 
severe denaturation or degradation treatments yield finally the polypeptide 
chains which the chemist finds. 


§ 7. General Evidence for the Cyclol Theory 


We have now compared the properties that are to be expected from the 
cyclol theory of the structure of the globular proteins with the first eleven 
of the items of our list of properties of these substances. In my opinion, 
the agreement has been so good as to justify the cyclol theory and to give 
a strong reason for believing that the theory gives the true structure of these 
proteins. 

The question naturally arises whether other possible structures might 
not fit the™facts equally well. The very large number of independent pro- 
perties which are correlated by this theory, and the extreme simplicity and small 
number of postulates’ from which it is derived by purely logical processes, 
lead me to believe that for the simplest globular proteins it is improbable 
that any essential modification of the present cyclol cage structure can be 
made which will fit the facts as well. For example, it has been suggested 
that the cyclol bond, instead of being a covalent bond between carbon and 
nitrogen, might involve a hydrogen bond. Any such modification, however, 
would reduce the symmetry of the structure and would increase the distance 
between the atoms so that the C, cage polyhedron would have a volume 
far larger than the known volumes of the protein molecules. 

It must be recognized that the cyclol theory in its present form cannot 
assign definite positions to particular amino-acid residues. It is a merit of 
the theory that it leads to a characteristic pattern for the skeleton of the 
simplest globular proteins without requiring knowledge of the side-chain 
arrangement. Its indication that these proteins have many features in common, 
as given in our list of 12 items, independently of the selection of side chains, 
is well supported by the facts. 

X-ray evidence regarding the structure of globular proteins. The physical 
and chemical evidence in support of the cyclol cage structure for the molecules 
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of globular proteins which we have discussed is of the same general character 
and sufficiency as that which has been found so useful by chemists in establishing 
the correct structures of organic molecules. The modern methods of X-ray 
analysis of crystals and molecular structures, when sufficiently detailed and 
accurate data are available, have frequently given a precise and certain determin- 
ation of structure. In most cases these structures have confirmed the findings 
of the chemist, but sometimes they have led to modifications which have 
thrown new light on the nature of chemical combinations, as for example 
in structures involving hydrogen bonds and other resonant systems. It is 
probable that the final decision regarding the correct and complete structures 
of globular proteins will be based upon X-ray data. 


§ 8. The Structure of Insulin 


Among the six proteins which have given good X-ray pictures only one, 
insulin(!*), shows that the unit crystallographic cell contains a single molecule. 
Since the interpretation of the data is greatly facilitated by the knowledge 
that the cell contains only one molecule, the case of insulin assumes particular 
importance as a test of the cyclol theory. Let us examine therefore the 
conclusion that can be drawn from the X-ray studies of insulin. 

The crystal is found to have trigonal symmetry, and therefore since there 
is only one molecule per cell the molecule itself must have trigonal sym- 
metry. Such high symmetry is very unusual in large organic molecules even 
though these are much smaller than the insulin molecule. We have seen that 
the skeleton of the cyclol cage polyhedron has trigonal symmetry, so that with 
suitable choice of side-chain locations the molecule itself could be trigonal. 
The cyclol structure, in thus explaining a type of symmetry unusual for large 
molecules, receives confirmation from the X-ray data. 

Sedimentation data obtained with the ultracentrifuge have shown that 
insulin molecules are approximately spherical and belong to the 36,000-mole- 
cular-weight class to which the C, structure with 288 residues should apply. 
If a mean distance 1.5 A is taken between carbon-carbon and carbon-nitrogen 
atoms, the absolute size of the C, cage can be calculated; it is found to fit 
the cell given by the X-ray measurements, which it would not have been likely 
to do if any other than the cyclol bond had been postulated), 

Subsequently Crowfoot measured the relative intensities of reflection 
from various planes, giving a total of 59 intensity-measurements”®, From 
these data she was not able to determine the structure, but summarized her 
data in five vector diagrams which gives the relative distribution of the vectors 
connecting all pairs of electrons in the crystal. The complete 3-dimensional 
vector map, of which the sections and projections given by Crowfoot furnish 
a rather imperfect picture, should contain all the data available from the 
X-ray measurements. To obtain the structure from the vector map requires 
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some assumptions as to the nature of the centres that give the X-ray scattering. 
Dr. Wrinch and I have asumed the smallest possible number of discretely 
arranged high-density or low-density regions, which we propose to call discrons, 
that seem capable of accounting for the main features of the Crowfoot 
diagrams®*), Our studies of the data show that the most important maxima 
of the Crowfoot diagrams can be interpreted as being due to six high-density 
discrons per molecule located at the six corners of a regular octahderon 
of side 29.4 A. Now the six slits or corners of the C, polyhedron, as shown 
in Fig. 2, also lie at the six corners of a regular octahedron of side 29.4 A. 
Therefore if we assume at these slits discrons of sufficiently high density, we 
find that the X-ray data give direct confirmation of the size and shape of 
the cyclol polyhedron as given by the location of its corners. 

Further examination of the Crowfoot diagrams shows features that cor- 
respond to (1) a low-density discron at the centre, i.e. a hollow cage; (2) low- 
density discrons at the positions corresponding to the lacunae of the cyclol 
fabric; and (3) high-density discrons near the middles of lines connecting 
molecular centres (except along the z axis) where the zinc atoms, with associated 
polar side chains that bind the molecules together, are probably located. 

The X-ray data, in my opinion, are thus not incompatible with the cyclol 
structure for insulin, but on the contrary give strong confirmatory evidence 
of its correctness. 

Unfortunately, Crowfoot’s data give only relative intensities, so that one 
cannot determine how many atoms of, say, sulphur in each of the discrons 
at the slits would be sufficient to account for the features of the X-ray pictures, 
nor at present can one analyse in detail the nature of the low-density discron 
at the centre. Since the average density of the electrons in the proteins 
is not greatly different from that of water, which must fill all intermolecular 
spaces, the X-ray reflections are produced by slight variations in electron- 
density associated with certain atoms and groups of atoms in the skeleton 
and side chains. The C—C,—N skeleton of the cyclol fabric represents only 
28 per cent by weight of the insulin crystal. Since the most uniform distri- 
bution of electron-density is in the skeleton, the latter probably contributes 
less than the side chains to the rather definite maxima and minima shown 
in the vector diagrams. It seems probable that the observed discrons at the 
slits are due mainly to sulphur atoms in side chains located in these positions. 
The low-intensity region at the centre is due to the fact that the distance 
between parallel faces of C, is 24 A, so that with any arrangement of side 
chains there is necessarily a region at the centre which they do not fill. 
This region may be filled with water or it may even be a void. 

The system of given discrons located at the corners and centre of an 
octahedron of side 29.4 A, suggested by the C, structure, was also deduced 
from the published (0001) vector projection®®. A second (0001) vector pro- 
jection, corrected for temperature effects (so far unpublished), was produced 


Google 


136 The Structure of Proteins 


by Bernal at the Royal Society discussion on proteins on 17 November 1938. 
This projection permits, although it;does not require, the displacement of 
the A, B, C maxima to degenerate positions which lie on a single equitriangular 
mesh system, with a side of about 10 A common to the whole crystal. Adopting 
this placing of the peaks, Bernal has suggested, as the structure of insulin, 
a set of 18 discrons whose projections on the (0001) plane lie on this equitrian- 
gular mesh system. These discrons are consistent with this particular reading 
of the (0001) vector diagram, but they must also be considered in relation 
to the three-dimensional vector map. Of these 18 discrons, six of course are 
located at the corners of the C, octahedron as before, the six which lie outside 
the C, structures are not confirmed by the z = 0 vector section and so must 
be discarded, and the remaining six (whose existence in view of the z = 0 
vector section is by no means certain) can without difficulty be interpreted 
in terms of the C, structures. There is therefore no inconsistency between 
the C, structure and the new (0001) vector diagram, whether or not the A, 
B, C peaks lie in the special positions assumed by Bernal to be the correct 
one’), 

In view of the fundamental importance of the structure of insulin more 
extensive data are urgently required. It must be recognized that 59 relative 
intensitiesYare not enough to establish the structure of insulin. Thus it is 
not possible from relative intensities to make a quantitative | determination 
of the intensities of the postulated discron system necessary to account for 
the vector diagrams. To discover, for instance, how many sulphur atoms must 
be placed in each of the octahedrally arranged discrons, it is necessary to have 
absolute intensities. Further, these data relate to a dry crystal. In view of 
the remarkably detailed X-ray photographs of wet haemoglobin, it is prob- 
able that a wet insulin crystal would yield a very much more extensive set 
of data. Again, the diagrams relate to a zinc-insulin crystal only. But insulin 
is known to crystallize also with cadmium and with cobalt atoms in stoichro- 
metric proportions. A study of wet and dry insulin crystals, in which cadmium 
or cobalt or even, if possible, mercury took the piace of zinc, would be 
of great value. 


§ 9. Conclusion 


We may sum up the present position with regard to the structure of proteins 
as follows. A vast amount of data relating to protein structure have been col- 
lected by workers in a dozen different fields. No reasonable doubt remains 
as to the chemical composition of proteins. The original idea of native proteins 
as long chain polymers of amino-acid residues, while consistent with the facts 
relating to the chemical composition of proteins in general, was not a necessary 
deduction from these facts. Moreover it is incompatible with the facts of 
protein crystallography, both classical and modern, with the phenomena 
of denaturation, with Svedberg’s results which show that the native proteins 
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have definite molecular weights, and with the high specificity of proteins 
discovered in studies in immunochemistry and enzyme chemistry. All these 
facts seem to demand a‘highly organized structure for the native proteins, 
and the assumption that|the residues function as two-armed units leading 
to long-chain structures must be discarded. The cyclol hypothesis introduced 
the simple assumption that the residues function as four-armed units, and 
its development during the last few years has shown that this single postulate 
leads, by straight mathematical deducations to the idea of a characteristic 
protein fabric which in itself explains the striking uniformities of skeleton and 
configuration of all the amino-acid molecules obtained by the degradation of 
proteins. The geometry of the cyclol fabric is such that it can fold round 
polyhedrally to form closed cage-like structures. These cage molecules explain 
in one simple scheme the existence of megamolecules of definite molecular 
weights capable of highly specific reactions, of crystallizing, and of forming 
monolayers of very great insolubility. The agreement between the properties 
of the globular proteins and the cyclol structures proposed for them is indeed 
so striking that it gives an adequate justification for the cyclol theory, especial- 
ly in view of the fact that this great variety of independent facts are on 
this theory seen to be logical consequences of one simple postulate. 
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LETTER TO THE EDITOR ON 
STRUCTURE OF PROTEINS 


Nature 
Vol. CXLIII, 280, February (1939). 


THE FAcTs which Astbury and Bell ask for, that have led me to believe 
that the spreading of a globular protein on water involves the breakdown 
of a cyclol cage molecule into polypeptide chains without open ends, were 
given by me in detail in a lecture on July 1, 1938, at the Cold Spring Harbor 
Symposium on Proteins, in the ensuing discussion, and in the discussion 
of Dr. Wrinch’s paper on June 30. Dr. Astbury attended these lectures. The 
lectures and discussions have been published in the Cold Spring Harbor 
Symposia on Quantitative Biology, Vol. 6. 

The reasons for the opinion were based upon studies of the viscosities, 
mechanical properties and solubilities of protein monolayers and a comparison 
with results obtained with monolayers of several well-recognized long-chain 
polymers. The fibrous structure that can be developed by shear or by unilateral 
compression in monolayers of egg albumin, edestin and urease were described 
and given as additional evidence of the presence of chains in the monolayers. 
These facts were obtained and the lecture was delivered long after the publication 
of the ‘‘first statement” which Astbury and Bell object to, but before the 
publication of the paper by Astbury, Bell, Gorter and Van Ormondt. 
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A NOTE ON THE STRUCTURE OF INSULIN 


With D.M. Wrincu as co-author 


Proceedings of the Physical Society 
Vol. LI, Part 4, No. 286, 613, July (1939). 


ABSTRACT 


The modified (0001) vector projection for an insulin crystal is examined in relation to the C, 
structure proposed for the insulin molecule. It is found that this projection confirms the C, struc- 
ture represented by the discron system 3s+3s’—o provided it is adequately loaded at its slits. 
Bernal’s suggestion of an 18-discron set structure for the insulin molecule is shown to be 
untenable, since it is inconsistent with the z= 0 vector section. 


IN orDeR to interpret the vector diagrams obtained from a zinc-insulin crystal"), 
and to test whether they offer confirmation or refutation of C,, the 288-residue 
cyclol cage structure earlier proposed for the insulin molecule), the vector 
map of this C, molecule was considered). The C, structure has a skeleton 
framework lying on the surface of a truncated tetrahedron. It was convenient 
to replace this by an equivalent octahedron (the C, octahedron) whose side 
of length | = 8)/6.a was so chosen that the distance between opposite faces 
is the same as the corresponding distance 16a between opposite faces in 
the C, polyhedron. The vector map of the C, octahedron lies on and within 
a similarly oriented octahedron of side 2/, and the vector map of its six 
corners comprises points at the corners and midpoints of the sides of this 
2l-octahedron. Projected on the (0001) plane, this octahedron becomes a hexa- 
gon whose side 2h = 21/3 = 16/2.a, and the points project into six points 
at its corners, six at the midpoints of its sides, and six at the midpoints of 
lines joining alternate corners. 

Now a, the only metrical parameter of the cyclol system, is a mean between 
the C—C and C—N bond lenghts and it has been convenient to assign to it 
the arbitrary value 1.5 A. With this value, the C, octahedron is of side 
29.4 A, the C, hexagon, into which the C, octahedron projects on the (0001) 
plane, is of side h, equal to 16.9 A, and the C, vector octahedron and vector 
hexagon are correspondingly of twice these dimensions. 

Now the (0001) vector projection calculated from X-ray data has three 
hexadic sets of maxima A, B, C (shown in Fig. 1). When it was compared 
with the C, vector hexagon, it was found that, when the C, molecules are 
set skew in the lattice at a certain angle a of about 6°, the A, B, C points 
are the vector map of 35+35’—0, namely a triad of high-density regions of 
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intensity s at the three upper corners of the C, octahedron, a second triad 
of intensity s’ at the three lower corners, and a low-density region —O at 
its centre, the negative region at the centre accounting for the low intensity 
of the C points). We conclude that this vector projection is consistent 
with the proposed C, structure (which necessarily has a low-density region 
at its centre) provided that there are adequate concentrations of atoms, belonging 
presumably to special side chains at its six corners. 

The vector map of a crystal is a three-dimensional inventory of all the 
information obtained by means of X-ray observations. This was emphasized 
in another investigation in which the location in three-dimensional vector 
space of interactions of these, and certain other regions of high and low electron- 
density suggested by the structure of C,, were checked from the various 
available sections of the vector map. 





© =0: O=8: O=4; o=C. 
Fic. 1. 


This interpretation of the experimental diagrams, put forward at an early 
stage of the work as a demonstration of the application of the method of 
discrete point set to megamolecular crystals, and to initiate discussion of 
the insulin diagrams which had previously been left uninterpreted™), embodies 
several features. 

(1) The megamolecular lattice is regarded as a uniform distribution of 
electrons upon which are superposed certain discretely arranged electron- 
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density deviations or discrons. A discron is an isolated region in which the 
electron-density is high (in which case the discron is positive and can represent 
a single electron, an atom, or a group of atoms) or low (in which case the 
discron is negative and can represent a region sparsely populated with electrons 
or even a hole or void). 

(2) The vector diagrams were shown to confitm the suggestion®) that the 
insulin molecule has a structure of highly symmetric type. 

(3) The skewness of the A, B, C points in the (0001) plane was interpre- 
ted to mean that the symmetric molecules are set skew in the crystal at a small 
angle a of about 6°. 

The preliminary successes in checking the predicted structure by the experi- 
mental diagrams led to a development on geometrical lines of the general 
point of view of crystal megalattices and their vector maps as sets of discrons 





Fic. 2. 


in atomic space and vector space respectively). The crucial question is then, 
evidently, the interrelation of the two types of discron sets‘), 

Assuming that the A, B, C points of the (0001) projection shown in 
Fig. 1 are due to interactions of discrons, we deduce from it two and only 
two point sets in atomic space*). One of these is necessarily discarded, since 
the relations between the intensities in the vector projection (B >A >C) 
do not allow any discrons at these points to tally satisfactorily with the given 
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intensities in vector space. It was therefore deduced that the A, B, C poinst 
of the (0001) vector projection implies the discron set (3* +-3*’—0) corresponding 
to the projection of the centre and octahedral points of the C, molecule (Fig. 2). 
By considering the various sections, it was seen that these points actually 
lie at heights appropriate for the C, octahedron. 

Subsequently attention was directed'® to the strong intensity of the 
reflection from the (8, 7, 1, 0) plane which cuts the (0001) plane at the 
angle tan-! (1/5 7/3) or 6°36’ to the axes of the crystal. But this datum 
(in common with all the other data obtained) is already taken account of 
in the vector diagrams. It, in particular, is manifested in the (0001) pro- 
jection in the approximate alignment of the A, B, C points at a small angle a 
to cell boundaries and thus gives no additional information. Further, a new 
(0001) projection, corrected for temperature effects, was produced”) and 
the three sets of points A, B, C were placed at points on a single equitri- 





angular mesh system common to the whole crystal, set in the lattice at the 
angle ay equal to tan (1/5 7/3), and having its side d equal to 5 sin a,/sin x/3 
or b/'57 , where 5, the side of the hexagonal cell, is 74.8 A and d is conse- 
quently 9.92 A. This mesh may be denoted by (d, ao). From the original 
report it was not possible to define a more closely than as ‘‘about 6°,” since 
the numbers obtained by calculation from the X-ray observations were not 
given and only sketches of contour lines were shown. While it may be the 
case that, as has been assumed), the numbers allow the A, B, C points 
to be placed in these positions (Fig. 3), the degree of accuracy can hardly 
be sufficient to define their positions within one angstrom or the angle 
a within one degree. It is clearly undesirable at present to restrict discussion 
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to any one value of a. It is particularly undesirable to consider only the 
value ao, since this is a degenerate case, indicating special relations between 
intramolecular and intermolecular distances between discrons in the insulin 
crystal, and such relations, in the absence of independent chemical evidence 
requiring them, do not commend themselves as plausible in a lattice of mega- 
molecules bound together by zinc ions. The case a, can however profitably 
be discussed, both as a basis for deductions as to the structure of the zinc- 
insulin crystal and as a check on the hypothesis that C, is the structure 
of the insulin molecule. We notice first that when the points A, B, C are 
placed on the points of the mesh system (d, a9), the (0001) projection permits 
the postulation of discrons at all points of this same mesh system in atomic 
space. Since the zinc-insulin crystal is trigonal, all discrons except those on 





the trigonal axis z fall into triads, the discrons of one triad having the same 
intensity and the same z co-ordinate. Thus the discrons under consideration 
comprise, in addition to discrons at 0, discron triads at certain heights at 1, 
at 1’, at 2, at 2’, at 3, and at 3’, as shown in Fig. 4. 

In presenting the new projection, Bernal adopted the features (1), (2) 
and (3) mentioned above and drew attention to the eighteen points 1, 1’, 2, 
2’, 3, 3’, suggesting that discrons at these points are permitted by the X-ray 
evidence. But while the new placing of A, B, C in the (0001) projection 
permits discrons to be postulated at all these points, it does not require 
this and consequently the existence of each discron must be confirmed in 
turn by reference to the three-dimensional vector map. 

Comparing this system of discrons with the system originally postulated 
in accordance with the hypothesis that the insulin molecule has the structure 
C, adequately loaded at its six slits, we see that the discrons at 2 and 2’ 
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correspond to the discrons s and s’, a being taken as 1.515 A or (if for 
some reason it is desirable to maintain its value at 1.5 A) the s, s’ discrons 
being moved 0.5 A inwards from the corners of the C, octahedron. The 
additional discrons at 1 and at 1’ lie within the C, structure and allow of 
interpretation in terms of this:structure. The remaining discrons at 3 and 
at 3’ on the other hand lie outside the C, structures and there appears to 
be no reason to expect them. 

To discover which of the discrons are confirmed by the three-dimensional 
vector map, we notice that any discron triad of intensity i with the same 
2 co-ordinate necessarily gives an interaction of positive intensity #* at a hexad 
of points on the z=0 plane in vector space. Fig. 5 shows the z= 0 
vector diagram. On it are marked the points 1%, 2?, 3* at which the domestic 





interactions of triads at 1 and at 1’, at 2 and at 2’, at 3 and at 3’, respectively 
should occur. The points 2? lie in high-intensity regions, in accordance with 
the postulate of s, s’ discrons at the corners of the C, octahedron. The 
points 3? on the other hand lie in low-intensity regions, and it is therefore 
necessary to reject the hypothesis that there are discrons at the points 3 and 
3’. The points 1? lie in regions of moderate intensity, leaving it for the moment 
an open question whether discrons at 1 and 1’ exist or not. 

This preliminary investigation of the degenerate case ay thus yields the 
conclusion that the only discron sets for the insulin crystal permitted by 
the points A, B, C consists of the discron system 3s+-3s’—0, with the possible 
addition of discron triads of lower intensity r and r’ at points 1 and 1’. 
Thus the C, structure represented by the discron system 3s+3s’'—0, i.e. 
adequately loaded at its slits (with the possible addition of discron triads 
r and 7’ at points within the C, structure), is confirmed. 
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PROTEIN MONOLAYERS 
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Henrt Devaux in 1903 applied a very small amount of the white of an 
egg to the surface of clean water in a tray and observed that a coherent elastic- 
ally compressible film spread out over the surface. He estimated the thickness 
of the film as 10 to 20 A. Lord Rayleigh in 1899 had suggested that a thin 
film of vegetable oils on water spreads out until it consists of a single layer 
of molecules. Devaux concluded that the protein also formed a single layer 
of molecules, or a monolayer. 


Methods of Spreading Proteins 

Gorter and Grendell (1) made a systematic study of monolayers of various 
proteins. They injected a small amount of a 1 per cent protein solution just 
below the surface of the water at one end of a tray by means of a calibrated 
micropipette. After a definite time, such as one minute, the film was com- 
pressed by the motion of the barrier until the surface pressure F, as measured 
by a surface balance, rose to a predetermined value. By measuring the area 
at a few pressures, a curve was obtained which by extrapolation gave the 
area at zero pressure. The results were usually expressed in terms of square 
meters per mg. of applied protein. 

Under favorable conditions, certain proteins give specific areas as large 
as 1.0 m?/mg. If the density of the monolayer is taken as 1.3 and all of 
the protein which was injected has gone into the monolayer, the thickness 
of the monolayer should be about 7 A. 

Gorter found that the curves obtained by plotting the specific area as 
a function of the pH of the water on which the protein was spread showed 
a maximum at the isoelectric point. With egg albumin spread on water (2) 
the curve ABCD shown in Fig. 1 was obtained. 

At the isoelectric point, C, the addition of salts to the water does not 
change the area to which the protein spreads, but at other values of pH the 
area is increased. On the acid side of the isoelectric point the effect of a salt 
depends upon the concentration and valence of the anion, while the valence 
of the cation is unimportant. For example, potassium chloride, at a concentra- 
tion of 0.040 M gives a point at E and a barium chloride solution having 
the same chlorine ion content gives the same point. However, with potas- 
sium sulfate it is only necessary to have a concentration of 0.002 M to get 
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a similar increase and with a trivalent anion a concentration of 0.00003 M is 
sufficient. 

The portion of the curve to the right of C (high pH values) is sensitive 
to the presence and valence of the cations. To obtain the curve CH, a con- 
centration of 0.13 M of potassium ions or 0.032 M of barium ions was suffi- 
cient. With high enough concentrations of salts the curve can be brought 
to the line FCG. 














1 3 5 7 pH 


Fic. 1. Gorter’s spreading curve for egg albumin. 
The dashed lines illustrate the effects of added salts. 


Gorter, in his early papers, made the tacit assumption that all the protein 
applied to the surface goes into the monolayer, and thus interpreted a low 
specific area (as at B and D in Fig. 1) as an indication of an abnormally 
thick film. This has caused a great deal of misunderstanding as to the meaning 
of Gorter’s curves. 

In a later paper, however, he studied (3) the time required for complete 
spreading. If the conditions were such as to give the maximum area, cor- 
responding to line FCG in Fig. 1, the spreading occurred very rapidly, 
reaching its limit within 1 or 2 minutes. When, however, the conditions were 
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such as to give low specific areas, it was found that the area increased very 
slowly without reaching any definite limiting value even after many hours. 
From these observations Gorter concluded that small specific areas denoted 
incomplete spreading, in the sense that some of the protein may have gone 
into the underlying water, and so it is not safe to assume that small specific 
areas indicate greater thickness. 

To understand the shape of Gorter’s curves we must analyze the mechanism 
of spreading. When an aqueous solution of a protein is injected just below 
the surface of water in a tray, some of the protein molecules diffuse to the 
surface. If these molecules become adsorbed on the surface, they generate 
a surface pressure which causes the film to flow radially outward, dragging 
with it a thin film of underlying water. To supply the water for this radial 
outflow near the surface there must be an upflow of water under the point 
from which the protein spreads. Under favorable conditions this upflow may 
bring all the protein molecules to the surface and prevent any loss of protein 
by diffusion downwards. mi 

The molecules in a protein solution, when the pH does not correspond 
to the isoeletric point, are electrically charged, roughly about 6 to 8 electron 
charges for each pH unit of departure from the isoeletric point. These charges 
cause the molecules to be repelled from a free water surface by a kind of 
image force. This action is frequently so powerful as to interfere greatly 
with the spreading of the protein. 

Anything which retards the arrival of the protein molecule at the water 
surface decreases the radial outflow of the water on the surface, so that the 
central upflow no longer prevents loss of protein into the underlying solution. 
If the extremely small amounts of protein which are applied once become 
distributed throughout the solution, a time of hours may be required for 
the diffusion back to the surface. 

The effect of salts, particularly those which contain polyvalent ions having 
a charge opposite to that of the protein (Schulze-Hardy rule), is thus to 
decrease the effective charge of the protein molecules so that they can 
reach the surface in sufficient numbers to set up the necessary convection 
currents in the liquid. 

Hughes and Rideal (4) have spread protein monolayers by dipping the 
end of a fine platinum wire or quartz fiber into the powdered protein. 
The end of the wire is then held at the surface of the water in the tray. 
By a micro balance the loss in weight of the protein from the wire is de- 
termined. 

Mitchell (5) has studied the spreading of proteins by both Hughes and 
Rideal’s and Gorter’s methods. In general, he did not work at the iso- 
electric point nor use salts to obtain complete spreading, but used 0.01 N 
sulfuric acid. He emphasizes the importance of waiting long periods of time, 
1 to 36 hours, before determining the specific area to make sure that equilib- 
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rium has been reached. A protein film, however, is not in equilibrium 
with the underlying solution, for the spreading process is irreversible. There- 
fore the specific areas obtained after many hours are no more significant 
than those obtained after a few minutes. In fact, it has been our general 
experience that long periods of waiting generally produce changes in area 
due to contamination of the underlying water by impurities derived from 
the tray (6) and from dust. 

Jenkins and Taylor (7) have repeated Mitchell’s experiments with gliadin 
and were not able to check the lower portion of the force-area curve below 
about 2 dynes/em which gave a specific area extrapolated to F = 0 of 
2.3 m*/mg. They conclude that these high specific areas were caused by 
contamination from dust. On 0.01 N acid, 5 minutes were sufficient to 
give the limiting specific area. 

Schaefer and I have devised a convenient method of spreading proteins, 
which in some cases possesses advantages over the methods just described. 
A weighed amount of a protein solution is applied to the edge of a narrow 
band of sheet nickel which has previously been heated in a flame to free 
it from spreadable substances. The band is then lowered edgewise into the 
water of the tray, and the protein film spreads out from the whole length 
of the band. 

By making the length of the band nearly equal to the width of the tray 
and placing the band at one end of the tray, the protein spreads in one 
dimension only; that is, parallel to the length of the tray. With many 
proteins, such as egg albumin and urease which produce plastic films, this 
method gives far more uniform films than are obtained by Gorter’s or Hughes 
and Rideal’s method, because there are no internal stresses set up in the 
film by the radial outflow from a center. 

Another method of producing protein monolayers is to introduce the protein 
directly into the water in the tray so as to form a very dilute solution of the 
order of 10-7 or 10-® parts by weight. The surface can then be scraped by 
a barrier, and the protein slowly diffuses to the surface, producing a monolayer. 
The growth of the monolayer can be tested by moving the barrier from 
time to time so as to force the monolayer which has been formed against 
the floating barrier of a surface balance. Devaux (8) has used this method to 
study the rate of formation of the monolayer as a function of the concentration 
of the solution. After the amount of protein adsorbed at the surface has 
become sufficient to form a complete monolayer, pressure begins to build 
up, but the pressure slowly rises to a limiting value, which increases with the 
concentration of the underlying solution. 

Not all proteins spread on the surface of water. Gorter was not able 
to produce monolayers from fibrinogen. He found, however, that by adding 
an extremely small amount of pepsin or trypsin good monolayers were 
formed, although the amount of pepsin added was far too small to contribute 
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appreciably to the area observed. Seastone studied the spreading of several 
proteins under different conditions, but was unable to get monolayers from 
Stanley’s tobacco virus. 


Cause of Spreading 

Substances, such as sugar, whose molecules are wholly hydrophilic, dis- 
solve in water and do not lower the surface tension of water. Pure hydro- 
carbons and other substances whose molecules are wholly hydrophobic do 
not mix with water, nor do they spread, but remain on the surface as 
a lens or a globule. The only substances which spread are those- whose mole- 
cules contain both hydrophilic and hydrophobic parts. Stearic acid, for 
example, spreads on the surface of water from a benzene solution, so that the 
hydrophilic carboxyl groups can come into contact with the water without 
bringing the hydrophobic hydrocarbon chains into contact with the water. 

The spreading of proteins on water thus proves the presence of hydropho- 
bic groups within the molecules. The high solubility of many of the proteins 
in the water indicates that practically the whole surface of the protein 
molecules is hydrophilic while they are in solution. The hydrophobic parts 
must therefore be hidden away in the interior of the molecule. The spreading 
of the protein on water thus involves an unfolding which brings the hydropho- 
bic portions to the air-water interface, while the hydrophilic surfaces remain 
in the water. 

The hydrophobic portions of the molecules never extend up into the air; 
they lie in the interface, arranged so that the upper surface is as smooth 
as possible (to give a minimum for the total surface energy). 


Properties of Protein Monolayers on Water 
(H-Layers) 

Insolubility 

The most remarkable property of protein monolayers on water is their 
extraordinary insolubility. Soluble substances normally give monolayers 
whose area can not be measured by means of a surface balance, for when 
the barrier is moved so that the surface pressure is increased, the mono- 
layer goes into solution in the underlying water. According to Gibbs’ equation 
we have 

dF/d\nc = okT (1) 

where c is the concentration of the dissolved substance in the solution, o 
represents the number of molecules in the adsorbed film per cm*, T the 
absolute temperature, and k the Boltzmann constant 1.37 x 10'* erg/degree. 
When the film is compressed so that F increases, the solubility must increase. 
The units used in measuring o in this equation must be the same as those 
involved in the calculation of the concentration c. Thus it is immaterial 
what the molecular weight of the protein in the monolayer may be. 
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Applying this equation to a monolayer of protein having a molecular weight 
35,000 which gives a specific area of 1 m*/mg, we find o = 1.57x 10" mole- 
cules/em*, and at 20°C, we obtain dlnc = 14.5 dF. Each increment of 
pressure of 1 dyne/cm, should increase the solubility by 10*-fold. This remark- 
ably rapid rate of increase results from the high molecular weight of the pro- 
tein. A similar calculation with stearic acid monolayers for which o = 5.0 
x 104 molecules/cm* gives d In c = 0.050 dF. A compression of 30 dynes/cm 
would thus increase the solubility only 4.5-fold, as compared to a factor of 
10} for a protein of molecular weight of 35,000. 

Protein monolayers are extremely elastic and compressible (9). With egg 
albumin the specific area decreases to about one-half if the pressure is raised 
to F = 25 dynes/cm, but it returns to its original value if the pressure is 
removed. A monolayer of this protein can be compressed for a few seconds 
to one-fifth of its area by applying F = 35 dynes/cm, and yet the film 
returns nearly completely to its original area when the pressure is removed. 
Too long application of pressure or too high a pressure causes a gradual col- 
lapse of the monolayer. There is no indication, however, that this decrease 
of area is caused by solubility. Devaux studied this point very carefully by 
scraping off the monolayer after having compressed it and observing whether 
there was any slow diffusion of dissolved protein back to the surface, but 
could detect no solubility in this way. A pressure of 20 dynes/cm, which 
causes no collapse, should increase the solubility 10'*-fold, according to 
Eq. (1), but we are unable to measure any increase in solubility whatever. 

This irreversible formation and insolubility of the monolayers proves that 
the spreading involves a complete change in the organization of the protein 
molecule by which hydrophobic groups which were inaccessible while the 
protein was in solution are brought into positions at the air-water interface. 
This remarkable property of protein monolayers furnishes very strong sup- 
port for the cyclol theory of protein structure. 

According to this theory the protein molecules in solution have hydrophilic 
side chains on the outside of the cyclol cage (extravert), but the hydrophobic 
side chains are packed inside the cage. Because of the tautomerism of the 
cyclol bond, breaks or lesions in the cage are probably continually occurring 
and healing spontaneously. If a lesion occurs while the molecule is close to 
the water surface so that a hydrophobic side chain can emerge through a lesion 
and come into contact with the air-water interface, the healing of the lesion 
is prevented. A repetition of this process, then, leads to an irreversible tearing 
open of the cage-like molecule, bring all the hydrophobic portions into contact 
with the air-water interface. 

Traube (10) showed that the solubilities of adsorbed films of substances 
containing hydrophobic groups decreased to one-third for each additional 
CH, in the hydrophobic group. A development of the theory of the effect 
of dissolved substances on the surface tensions of solutions (11) led to an 
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interpretation of Traube’s rule which indicated that each additional CH, 
changed the energy of adsorption by 625 cal/mol. or 4.31x 10-* erg. If W 
represents the energy of adsorption, then the Boltzmann equation enables 
us to calculate the effect of a change in W on the solubility. 

c= Aexp (—W/kT) (2) 
where A is a constant. At room temperature, 20°C, the value of RT is 4.0x 10-* 
ergs, and thus the energy of adsorption of each CH, is equivalent to 1.08 kT. 

An analysis (12) of the types of forces which act between molecules in 
a liquid indicates that with uncharged molecules the forces of interaction 
depend upon contact between the molecules and the nature of the surfaces 
of those portions of the molecules which are in contact. This principle of 
independent surface action (13) is an expression of the fact that the forces 
between uncharged molecules are of very short range and are essentially the 
same forces which are responsible for surface tensions of liquids in bulk. 

It was shown (14) that the energies of hydrophobic groups in various 
environments can be calculated by consideration of the interfacial surface 
energies between a molecule and the substances in contact with it. Consider, 
for example, 1 cm* of a hydrocarbon surface in contact with water. The total 
interfacial surface energy yw, is 59 ergs cm*. If this hydrocarbon-water 
interface is moved to the air-water interface, the air-water interface of energy 
Yw disappears and is replaced by a hydrocarbon-air interface, of energy 
Yp- Thus the total energy per unit area w involved in bringing a hydrocarbon 
surface from the interior of a water phase to the air-water interface is given 
by 

© = YwtYwr—Yr (3) 


The total energy of the air-water interface yy is 117 ergs/cm and the energy 
yk of the hydrocarbon surface is 50 ergs/cm?, and therefore w = 126 ergs/cm*. 
Comparing this with the energy of 4.31x 10-4 erg which we found for the 
energy of adsorption of each CH,, we conclude that the effective area of each 
CH, is 3.4 sq. A. This is of the same order of magnitude (63 per cent) as 
the area per CH, for one side of a hydrocarbon chain which we calculate if 
we regard this as being a square prism 18.3 sq. A in cross section (1.26 A 
per CH). This ratio of 0.63 is about the same factor as is usually found in 
calculations of this kind. 

Let us apply these data to the case of the protein molecule. By Eq. (1) 
we calculate that a compression of 25 dynes/cm insufficient to cause collapse, 
should give 10'-fold increase in solubility, which corresponds by Eq. (2) 
to an energy increment of 360 kT. The solubility of the protein monolayer 
even when compressed is not as great as that of lauric acid, which has 11 CH, 
radicals. Therefore at F = 0 the solubility of the protein should be less than 
the 10-1 part of that of lauric acid. The energy of adsorption should thus 
exceed that of lauric acid by 360 kT, which corresponds to the adsorption 
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energy of 330 CH, radicals. We therefore conclude that the insolubility of 
the protein monolayers requires the presence of hydrophobic groups equi- 
valent to 340 CH, radicals per protein molecule, which is an average of 
1.2 CH, for each amino acid residue. 

Most of the amino acids of proteins contain hydrophilic groups, but 
others are strongly hydrophobic. For example, leucine and isoleucine molecules 
contain 5 carbon atoms in the hydrocarbon chain. Proline and valine contain 
the equivalent of about 3 CH, groups and lysine contains 4 CH, and 1 NH,. 
The presence of 23 per cent of leucine in a protein would be sufficient to 
account for the insolubility and irreversibility of protein spreading. 

The amino acids do not contain sufficiently large hydrophobic groups 
to make these substances strongly surface active, but the polypeptides derived 
from them should show increasing activity as the number of residues becomes 
greater. During the degradation of proteins by the action of pepsin or other 
enzymes it should be possible to obtain intermediate products whose monolayers 
would have different degrees of solubility and which could be tested in ac- 
cordance with Eq. (1) for the increase in solubility as a function of compres- 
sion. Studies of this kind should provide a method for determining the molecular 
weights of the lower polypeptides. 


Expansion Patterns 


Many of the mechanical properties of protein monolayers can be studied 
by a very simple technique involving the use of an ‘‘indicator oil’ which 
spreads on water to give films which show interference colors. 

This oil is readily made by heating an automobile lubricating oil on a hot- 
plate until it smokes. From’ time to time a small amount of oil (on the end of 
a wire) is touched to a clean surface of water in a tray (which has a black 
bottom) and the color of the spread film is noted. The oil, before it has been 
heated, forms lenses or globules, but during oxidation the hydrophilic content 
of the oil increases and causes the oil to spread to a greater area, thus giving 
increasingly thin films. If the heating is continued ‘sufficiently long, the films 
become so thin that they no longer show interference colors. The heating 
is then stopped, and this oxidized oil is then mixed in various proportions 
with fresh samples of unoxidized oil. In this way it is possible to prepare 
a series of samples of indicator oil which will spread to give films of different 
colors. When any such film is compressed, its thickness increases and this 
causes a change of color. A 1 per cent change in area usually produces an 
appreciable change of color, especially when the thicker films are used. 

To produce a given compression or color, a definite force F is required. 
Thus it is possible, by use of a surface balance, to calibrate a particular oil 
so as to obtain a relation between the color and the pressure F. The oil then can 
be used in place of a surface balance. For example, to measure the area of 
a protein film at a given value of F it is only necessary to apply at one 
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corner of the’tray a minute amount of the indicator oil (giving a spot 1 cm 
in diameter) and then to compress the protein film by the motion of a barrier 
until the required change of color has been produced in the indicator oil. 

The process of producing expansion patterns is illustrated in Fig. 2. The 
photographs were taken with the camera inclined downwards at an angle 
of 45° towards a water filled tray lined with a black Bakelite varnish (baked 
on). Fig. 2a shows the circular area of indicator oil (actually brilliantly colored) 
as this appears while escaping from the end of a platinum wire on to the 
clean water surface. The radial outwardly moving surface currents cause 
the oil to continue to move after the supply on the wire has been exhausted 





Fic. 2. Formation of expansion patterns of pepsin. 


and produce the black spots in the center which are shown in Fig. 2b. These 
spots are clean water surfaces and their occurrence is good proof that the 
exterior water surface is free from contamination, so that F = 0. 

Fig. 2c shows the effect of bringing a small fragment of pepsin into contact 
with the water by a platinum wire (Hughes-Rideal method). The dark circular 
area around the wire represents the monolayer of pepsin. It should be noted 
that the outline of this pepsin film is circular, other proteins give entirely 
different shapes. 

The two barriers are then moved slightly closer together until the indicator 
oil undergoes a change in color which corresponds to a compression of about 
1 dyne/cm. This insures that there are no holes in the protein monolayer 
such as those which were observed in the indicator oil in Fig. 2b. The 
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outline of the dark area in the center of Fig. 2d shows that the protein mono- 
layer is no longer circular, but still has a fairly smooth outline. 

In Fig. 2d the effect is shown of a second application of indicator oil, 
this time in the center of the protein monolayer. The star-shaped expansion 
pattern with very acute angles at the points of the stars is highly characteris- 
tic of pepsin. 

Fig. 3 shows the internal and external expansion patterns obtained with 
four different proteins, pepsin, egg albumin, insulin and gliadin. Egg albumin 





d 


Fic. 3. Internal and external expansion patterns of (a) pepsin, (b) egg albumin, 
(c) insulin, and (d) gliadin. 


gives irregular stars with angles at the points which are less sharp than those 
observed with pepsin. The main difference, however, is that the external 
expansion pattern is very irregular in shape, whereas with pepsin it is smooth. 
This is characteristic of egg albumin. Insulin in Fig. 3c gives circular 
external and internal patterns. Gliadin spread from the solid by Hughes 
and Rideal’s method shows the patterns in Fig. 3d. In this case there 
were 5 separate applications of indicator oil in the area covered by the 
monolayer. The inner and outer patterns are alike and both show a fine 
grained jagged outline. If gliadin is dissolved in 70 per cent alcohol and is 
then spread on water by Gorter’s method the expansion pattern is entirely 
different from that shown in Fig. 3d, for it resembles Fig. 3c, the pattern 
for insulin. 

A detailed description of the expansion patterns for a large number of 
proteins has been published by Schaefer (15). 

Expansion patterns provide an extremely sensitive method of showing 
the presence of anisotropic properties in monolayers. Such properties may 
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be produced in an H-layer of egg albumin by compressing it to about 1/5th 
its original area, holding it in this compressed condition for about one minute, 
and then lowering the pressure to F = 15 or 20 dynes/cm. The film is now 
markedly anisotropic. A minute amount of highly oxidized indicator oil applied 
to the H-layer by a platinum wire tears the film along a line which is perpen- 
dicular to the direction of the compression. Successive applications of oil in 
neighboring places tears the film into bands of uniform width. With an original 
compression to about 1/10th area, these bands are still better defined, and 
may then be lifted off the water surface in the form of almost invisible threads. 
This phenomenon is even more striking with films of urease or edestin. The 
behavior of monolayers of polyvinyl acetate is very similar. 

The anisotropic properties can also be produced by compression in one 
direction and expansion in a direction at right angles. These phenomena seem 
to show that many protein monolayers have properties which indicate the 
presence of long chain molecules. 

Expansion patterns seem to offer a very rapid and convenient method 
of detecting and identifying proteins. Only about 10-7 g of protein is needed 
to cover 1 cm®, an area sufficient to give an expansion pattern. Very marked 
changes in the expansion pattern take place during the denaturation of the 
protein and serve as a useful method for detecting such changes. The results 
of studies of this kind were given in my discussion of Mirsky’s paper. 
Viscosities of Protein Monolayers 

The differences in the mechanical properties of the monolayers of different 
proteins which are shown by the expansion patterns can be studied quanti- 
tatively in several ways. A very convenient method (16) is to measure the 
damping of an oscillating platinum disk suspended by a fine wire on the 
surface containing the monolayer. Attached to the disk is a dumbbell-shaped 
weight which gives any desired moment of inertia. Using a 1-inch disk 
and a suspension for which D = 4.5 and M = 131.8 (the same as in the 
experiments previously described, 16), we have obtained the data shown in 
Fig. 4 with a series of different proteins subjected to a compression of 
6 dynes/cm. It will be seen that there are enormous differences between dif- 
ferent proteins. Gliadin shows the lowest damping, and therefore has the 
lowest viscosity, which is only slighlty greater than that obtained with 
a clean water surface. Other measurements have been made at a compression 
of 2 dynes/em and 10 dynes/cm. Gladin, zein and casein at 10 dynes/cm 
show lines of about the same slope, but the others are very much steeper. 
The various proteins give slopes which depend markedly upon the value of 
F. Measurements of this sort are very easy to make and are very reproducible 
with any given protein. A full description of these experiments with more 
complete data will soon be published (17). 

With the same apparatus it is possible also to measure the relaxation 
time or the yield point for a given protein monolayer. In this case the upper 
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end of the suspension is rotated through a definite angle, which produces 
a definite torque in the suspension, and the deflections of the disk are re- 
corded as a function of the time. This method is adaptable to films which 
are far too rigid or viscous for measurement by the oscillating-disk method. 


PROTEIN MONOLAYER VISCOSITY °T° F6 DYNES/CM 
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Fic. 4. Effect of various protein monolayers on the damping of an oscillating disk. 


The increasing slopes of the lines in Fig. 4 at small amplitudes show that 
some of the monolayers behave as plastic solids rather than viscous liquids. 
This is most marked with haemoglobin and egg albumin. Since the lines 
are not straight, there is, strictly speaking, no such thing as a coefficient of 
viscosity. However, it is convenient to calculate an apparent viscosity from the 
slope of the upper parts of the curve. In this way, making correction for 
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viscous drag of the underlying water, we calculated from the data of Fig. 4 
that the absolute surface viscosity, 4, in c.g.s. units for F = 6 dynes/cm, is 
about 0.001 for gliadin, 0.002 for zein, 0.021 for insulin, 0.12 for trypsin, 0.31 
for trypsinogen and more than 2.3 (which corresponds to critical damping) 
for pepsin, pepsinogen, edestin and horse globulin. At F = 2 only edestin 
and horse globulin have viscosities above 2.3 and the other proteins have 
viscosities that are only from 0.1 to 0.2 of those observed at F = 6. At F = 10 
the viscosities are in general about 3 times as great as at F = 6, 

Some measurements with casein monolayers, by the relaxation method, 
at F = 16.5 give 4 = 3.2 with angular deflections of about 10°, which cor- 
responds to a shearing stress F, of 0.1 dyne/cm, but with greater deflections 
(F, = 0.3) » was less than 0.2. When the compression was increased to F = 19, 
the value of yu for large displacements (F, = 0.3) rose to 11 (as compared to 
about 0.2 at the lower compression). None of the other proteins studied 
showed such a rapid increase in viscosity with F and F,. 

The viscosities of protein monolayers, which thus cover a range of 1:10,000 
or more, should be of value in testing and identifying proteins. Since there 
are such great differences among the proteins in this respect, we may con- 
clude that the cross linkages upon which the viscosity must depend involve 
the side chains. It is probable that studies of the viscosities of protein mono- 
layers will be of help in working out the structures and compositions of these 
substances. 


The Use of Multilayer Plates in the Study of Protein Films 


By dipping a plate having a properly prepared surface into water covered 
by an H-layer of a protein, maintained under pressure by the use of a piston 
oil such as castor oil, which gives F = 16.5 dynes/cm, it is possible to transfer 
the monolayer on to the surface of the plate (18). If the plate has been previously 
covered by built-up films of barium stearate, prepared by Blodgett’s technique 
(19, 20, 21) the deposited protein monolayer becomes visible because of the 
change in the interference colors. With barium stearate, multilayer films having 
45, 47 and 49 layers (approximately an optical thickness of 1/4 wavelength), 
it is possible by using sodium light (22) to measure the thickness of deposited 
films to within about + 2 A. 

The method of forming these barium stearate layers is very simple. Stearic 
acid, dissolved in about 300 parts of distilled benzene, is spread at one end 
of a tray (the head), on a clean surface of water (pH 7) which contains barium 
chloride (10-4 M), potassium bicarbonate (2x 10-4 M) and potassium cyanide 
(2x 10-5 M), which is used to eliminate the traces of copper which frequently 
occur in distilled water. After the surface of the tray has been nearly com- 
pletely covered by the monolayer, a drop of oleic acid (‘‘piston oil’’) is placed 
at the other end of the tray (piston end) so as to maintain the H-layer under 
a compression of about 30 dynes/cm. 
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The barium stearate layers are most conveniently built upon highly polished 
chromium-plated brass. Where a better optical surface is needed, a glass 
plate coated with a film of metallic chromium vaporized in high vacuum may 
be used. After the chromium surface has been polished and cleaned, it is ren- 
dered hydrophobic by applying to it a little molten ferric stearate (melting 
point about 98°C). While still warm, the plate is rubbed vigorously with 
a clean towel, which removes all the ferric stearate except for a monolayer 
which remains so firmly attached that it can not be rubbed off. 

This plate, held in a vertical plane, is dipped slowly into the water at 
the head of the tray. On this down-trip a monolayer is deposited having the 
hydrocarbon ends of the molecules oriented toward the plate, while the heads 
of the molecules, which contain the carboxyl group, are turned away from 
the plate. This orientation of the monolayer we term exotropic. A layer which 
is deposited by a down trip is called an A-layer. If the film is now slowly 
raised out of the water, it comes out dry but another monolayer of barium 
stearate has been deposited. This has the opposite orientation (endotropic), 
each molecule having its head turned toward the plate. A layer deposited in 
this way on the up-trip is called a B-layer. By a succession of round trips 
about 30 or 40 layers per minute can be built up on a plate having 5 to 10 cm? 
of area (on one side). 

Deposition of Protein Films 

If a prepared plate, PR (that is, a chromium plate covered with a barium 
stearate multilayer film of critical thickness), is lowered into the water of 
a tray on which there is an H-film of protein under pressure such as 8-16 
dynes/cm, an A-layer of protein is deposited. When the plate is lifted out 
it appears to be wet. On top of the water film, however, there is a protein 
monolayer which we shall call a hydrous B-layer. Thus the plate with its 
deposited layers may be designated by PRAWB, W being used for the inter- 
mediate layer of water. On drying this film in the air, which requires usually 
one or two minutes, we have a ‘‘dehydrous” film which we may designate 
by PRAB. If the AB film has been deposited on only a part of the plate, 
examination at large angles of incidence with polarized light will show a change 
in color almost as great as that given by two barium stearate layers. 

It is possible to build up large numbers of layers of proteins. Astbury, 
Bell, Gorter and Van Ormondt (23), using this technique, have built films 
of egg albumin containing 1764 layers. They stripped this film off the metal, 
studied the structure by X-ray methods, and found a fiber pattern like that 
produced by chain-like molecules arranged roughly parallel to the direction 
of movement of the plate during the deposition. 

In our early work (18) we found that it was sometimes necessary to add 
traces of zinc or copper salts in order to build multilayers, otherwise the 
second down-trip, instead of putting on another A-layer, caused the B-layer 
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already deposited to return to the water surface. Some recent work with 
several proteins has shown that this escape of the B-layer is prevented, even 
without the addition of salts, by lowering the plate sufficiently rapidly into the 
water (about 20 cm/sec velocity during the down-trip). 

The fact that after each round trip the hydrous film must be dried before 
the next layer can be applied makes the building of multilayers of proteins 
a process which is very slow compared to that of the building of stearate 
multilayers. 

There is another method of depositing protein A-layers which is very 
convenient. It consists in holding the plate face down above the water in 
the tray and slowly lowering it until it comes in contact with the water 
(24). By delimiting a portion of the film between two barriers and then sepa- 
rating these slightly to bring the pressure to zero the plate can be lifted out 
of the water without the deposition of a B-layer. In the case of some proteins, 
particularly gliadin and ‘zein, the A, films deposited by this ‘‘lift method” 
are hydrophobic so that the plate is dry when lifted from the water. Under 
these conditions successive layers can be applied without the necessity of dry- 
ing. For each dip it is necessary, however, to increase the pressure to about 
10 dynes/cm before dipping and to decrease the pressure to zero before lifting 
the plate from the water. 

Protein multilayers of type PRBBB... can be built up by depositing suc- 
cessive B-layers, each layer being formed by lowering the plate into clean 
water, spreading a monolayer, applying pressure and withdrawing the plate 
through the monolayer. On the other hand, by dipping the plate into water 
covered by an H-layer, scraping this off, and withdrawing the plate through 
clean water, PRA and PRAA films can be built, but we have not succeeded 
in depositing more than two A-layers in this way, although there is no dif- 
ficulty in applying any number of A,f{ layers. This difference between 
PRAAA... and PRBBB... films, which we originally found with egg albumin 
films (18), has recently been confirmed with films of insulin. 

The protein monolayers while on water must be oriented so that the 
hydrophobic portions of the molecule lie in the air-liquid interface, while 
the hydrophilic portions are drawn down into the water. If these films 
preserve the same orientation after deposition the A-layers should be exotropic 
and hydrophilic, while the B-layers should be endotropic and hydrophobic. 
Actually, however, both films are found to be hydrophilic and oleophilic 
(wettable by oils such as Petrolatum or hexadecane). Even the advancing 
contact angle of a drop of oil on the A-layers or the B-layers does not 
appear to be appreciably different. 

There are many phenomena observed with barium stearate films (25) 
which have led to}the conclusion that whole molecular layers can overturn, 
unless certain portions of the molecules are anchored to the substrate. The 
fact that the A- and B-layers of proteins differ so little in wettability proves 
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that the hydrophobic and hydrophilic portions of the molecules have no 
fixed orientations within the film, but can readily overturn. Still the A- and 
B-layers are not identical, for it is easy to deposit an A-layer upon a PRAB 
film, but apparently impossible to apply it to a PRAA film. Furthermore, 
the outside B-layer in a PRAB film returns to the water if the down-trip 
is slow, but there is no such escape from a PRBB film. These differences 
indicate a slight amount of anchoring by the substrate, but they are so slight 
that a dorsiventral cyclol fabric type of structure for protein monolayers on 
water seems to be ruled out. 

Applications of Deposited Monolayers 

The thickness of monolayers or multilayers which have been deposited 
can be measured optically so accurately and conveniently that this provides 
a valuable direct method for determining the amount of protein per unit area 
in a monolayer on water. For this purpose we need to know approximate 
values of the refractive index, the density and the water content of the dry 
protein in the deposited film; it is, however, not necessary to know these 
quantities for the H-layer on the water. Blodgett (21) has found that the 
refractive index of built-up films of egg albumin is 1.50 for sodium light. 
This is lower than the values usually given (1.58) which are calculated from 
the molecular refraction in solution. Other properties of protein monolayers, 
such as the creepage of oil over their surfaces, indicate that these films, like 
dried protein crystals (26), are essentially skeleton-like structures which contain 
a considerable proportion of open spaces. The average density including these 
spaces may reasonably be taken to be 1.30. Gorter’s specific area, in sq. m 
per mg, is thus equal to 7.7 divided by the thickness in A. 

Fig. 5 gives the force-area curves for three proteins: crystalline pepsin 
from J. H. Northrop, wheat gliadin from R. A. Gortner, and crystalline insulin 
from Eli Lilly Co. The pepsin and the insulin in 0.1 per cent solutions were 
spread by applying them to the edge of a band of a length equal to the width 
of the tray. The amount of protein solution was determined by weighing the 
pipette from which it was delivered. The wheat gliadin was dissolved in 
80 per cent alcohol and this was applied to the surface of the solution at the 
head of the tray in the form of drops. The specific areas were determined 
at a series of different pressures as determined by a surface balance. 

The points marked by crosses and circles in Fig. 5 were determined from 
measurements of the thicknesses of PRAB films which were deposited at 
F = 16.5 dynes/cm. In order to avoid irregularities in the thickness which 
would otherwise occur with pepsin, these monolayers were all deposited 
upon a prepared plate which had the same width as the tray, so that during 
deposition the monolayer flowed only in parallel lines. It is seen that these 
points for pepsin and insulin agree well with those determined from the 
weight of the protein which was applied to the surface. This indicates that 
no appreciable amount of protein escaped into the underlying water. 
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In the case of wheat gliadin, however, the specific area determined by 
measurement of the monolayer was considerably greater than that calculated 
from the weight of applied protein, indicating that the spreading was incomplete. 
The dotted curve in Fig. 5 was obtained from the observed data for gliadin 
by multiplying the abscissas by 1.50 so as to make the curve pass through 
the point marked by the circle. 

Mitchell’s data (5) on wheat gliadin spread on 0.01 N hydrochloric solution 
agrees well with the dotted curve shown in Fig. 5 only for values of F 
above about 5 dynes/cm. 
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Fic. 5. Force-area curves for three proteins. 


It is evident from these curves that it is possible to spread some proteins 
completely, but unless very great care is taken there may be loss of protein 
into the underlying water. The shapes of the curves are not at all the same 
for the different proteins, nor are the areas per molecule, extrapolated to zero 
pressure, the same. All the proteins we have studied, however, are characterized 
by very high reversible compressibility. 

The deposition of H-monolayers on to a prepared plate may be used in 
studies of reactivities of proteins. For example, Schulman and Rideal (27), 
have found extremely interesting interactions between cholesterol and gliadin. 
When a monolayer containing 20 per cent cholesterol and 80 per cent gliadin is 
compressed, the gliadin is apparently squeezed out of the monolayer into the 
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underlying water, but remains attached to the gliadin without appreciably 
affecting its properties. We may thus picture the hydrophobic groups of the 
gliadin being attached to the lower side of the cholesterol monolayer and 
forming submerged folds in the underlying water. Schulman and Rideal drew 
these conclusions from observations of the force-area curves and surface poten- 
tials. The deposition of such composite films upon prepared plates should 
give directly the protein content of these films, and Schaefer has experiments 
of this kind under way. 

In a similar way much detailed information can be obtained by the deposi- 
tion process in experiments in which substances like cetyl sulfate penetrate 
a protein film and increase its area. From force-area curves alone one can 
never tell how much cetyl sulfate has gone into the monolayer. but if these 
data are combined with optical measurements of deposited films the com- 
position of the composite monolayers can be determined. 

Another useful application of the deposition technique is in measuring 
and transferring minute amounts of protein. For example, 10-* g of protein 
is spread in the center of an area of indicator oil on a tray. Then a pressure 
is applied until the indicator oil undergoes a definite change in color. If a pre- 
pared plate of known area with a hydrophilic surface is lowered into the protein 
monolayer and withdrawn, a definite area of the protein monolayer is deposi- 
ted as a hydrous B film on the plate. If this is then lowered into a vessel 
of clean water, a known amount of protein has been transferred to the other 
vessel. We have used this technique in connection with studies of the reactivi- 
ties of urease and pepsin. 


The Structure of Protein Monolayers 


In my discussion of Wrinch’s paper I have given in some detail my 
reasons for believing that a polypeptide chain theory rather than the cyclol 
theory is applicable to the structure of protein monolayers. In fact, the 
remarkable changes in properties (solubility, dimensions of molecules or 
thickness of film, etc.) which we encounter in passing from a globular protein 
to the monolayer, are best understood as being the result of the breakdown 
of the cyclol fabric into closed polypeptide chains. These chains are largely 
hydrophilic, but at intervals carry hydrophobic groups which serve to attach 
the chains at certain points to the air-liquid interface. The structure thus 
resembles a net made to float on the sea by corks distributed over is surface. 

Philippi (28) has proposed a theory of protein monolayers in which these 
are regarded as triplex films. The topmost layer, he thinks, resembles a hydro- 
carbon liquid. The lower part of the triplex film is looked upon as a layer 
containing hydrophobic groups which tend to spread out over the surface 
and cause the spreading force F. The intermediate layer between these is 
thought of as a plastic liquid phase which contains the less hydrophilic and 
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hydrophobic groups of the proteins along with some water. Philippi does 
not use this theory to account for the compressibility of the protein monolayers. 

I think there are many elements of truth in Philippi’s hypothesis, but 
I believe that he has assigned the wrong roles to the several layers. 

The concept of the duplex film (29) originated from an analysis of the 
properties of expanded films of fatty acids on water, which had previously 
been regarded as single interfaces containing adsorbed molecules. I have 
been able to show that the expanded film behaves as a duplex film which 
consists of two parallel interfaces separated by a liquid phase, which I now 
propose to call the interstratum. The duplex film thus consists of three parts 
(not two as was stated by Philippi) which have separate functions. Each of 
the two interfaces is characterized by a surface tension y and may contain 
adsorbed molecules or portions of molecules which are free to move within 
the surface, and so, because of thermal agitation, can exert a surface pres- 
sure. The interstratum, even though it may consist of only a single layer of 
molecules, is properly regarded as a three-dimensional liquid phase. 

In the case of the expanded films of fatty acids on water, the interstratum 
was assumed to have the properties of a hydrocarbon liquid, the upper in- 
terface was the boundary between hydrocarbon and air, while the lower in- 
terface between the hydrocarbon and the water contained all the carboxyl 
groups of the fatty acid. These heads, because they are free to move in 
the interface, exert a surface pressure just as would so many gas molecules, 
and thus constitute a two-dimensional gas. This theory explains quantitatively 
the properties of expanded films. 

The surface pressure F which causes the spreading of these fatty acid films 
on water owes its origin to the hydrophilic heads of the molecules which are 
able to take positions in the lower interface but are not able to pass into 
the water phase because of the hydrophobic tails to which they are attached. 
The hydrophobic portions of the fatty acid molecules do not contribute to 
the spreading; a pure hydrocarbon does not spread. 

These concepts are applicable to protein monolayers, but the fundamental 
differences between proteins and fatty acids must be recognized. 

Our previous discussion led to the conclusion that the spreading of proteins 
on water depends on the presence of hydrophobic groups in the polypeptide 
chains. It is the competition between these groups in their endeavor to find 
positions in the upper interface of the protein duplex film which causes the 
spreading. Therefore the top surface of the duplex film, instead of being 
an inert hydrocarbon liquid as proposed by Philippi, acts as a two-dimensional 
gas in which the hydrophobic groups exert pressure because of their Brownian 
movement. 

In the duplex films of the fatty acids on water the hydrocarbon tails which 
form the interstratum are free to act as molecules of liquid except in so far 
as each molecule is constrained by the anchoring of its carboxyl group in 
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the lower interface. The long polypeptide chains of the protein duplex films 
have hydrophobic groups distributed at intervals along their length which 
serve to anchor each chain at many points to the upper interface. 

If the film is compressed so that the surface pressure rises to a high value, 
some of these hydrophobic groups may be driven out of the upper interface 
down into the interstratum. The anchoring of the remaining hydrophobic 
groups at the upper interface prevents any of the molecules from going into 
solution in the underlying water phase. This anchoring accounts for the insolu- 
bility of protein monolayers. 

An equilibrium of this kind between the active groups in one of the interfaces 
of a duplex film and similar groups in solution in the interstratum has already 
been considered (30) in an analysis of the spreading of Petrolatum which 
contains stearic acid. 

The interstratum of a protein film presumably contains a preponderance of 
hydrophilic groups, which surround themselves with water molecules. The 
hydrophobic side chains which are forced into the interstratum by the surface 
pressure tend to adhere to each other and are probably largely responsible 
for the cross-linkages which give the viscosity and plasticity to the protein 
monolayers, and account for the rapid increase in viscosity upon compression. 

The lower interface of protein duplex films is probably very diffuse and 
therefore presumably has no definite surface tension associated with it. 
This is quite the opposite view from that taken by Philippi. I expect to 
develop this theory along quantitative lines by assuming an equation of state 
expressing the spreading force F, which acts in the upper interface, as a function 
of o,, the surface concentration of hydrophobic groups. Then Gibbs’ equation 
and the Boltzmann equation can be applled to derive a relation between 
the surface concentration o, of hydrophobic groups and the volume concentra- 
tion c, of the hydrophobic groups in the interstratum. 

It will apparently also be necessary to assume that the sum of the normal 
surface tensions y of the upper and lower interfaces exceeds that of pure 
water, but that this is balanced or more than balanced by the spreading force 
due to the presence of the hydrophobic groups in the upper interface. 

Qualitatively it seems to me that this theory provides a simple structure 
for protein monolayers which adequately explains their properties, such as 
compressibility. As the film is compressed, some of the hydrophobic groups, 
particularly short ones, are driven into the interstratum. A release of pressure 
allows them to return immediately to the surface. The interstratum can thus 
be looked upon as a rather concentrated aqueous solution of polypeptide chains 
which are free to move as a plastic liquid, subject to the constraint that many 
of the hydrophobic groups in the molecule remain at the upper interface. 
S-Layers 

A prepared plate PR having a barium stearate multilayer film of critical 
thickness can have its surface conditioned or rendered hydrophilic by dipping 
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it for a few seconds into a 10-* M dilution of aluminum chloride or thorium 
nitrate. This causes an overturning of the outermost B-layer of barium stearate, 
replaces the barium by aluminium or thorium, and so leaves an exotropic 
hydrophilic outside layer. 

Such a surface is highly polar and can adsorb from a solution many different 
organic substances including proteins. The mere dipping of the plate pre- 
pared in this way into a protein solution followed by washing and drying 
results in an increase in thickness which can be observed optically. If we regard 
the protein molecules in solution as being nearly spherical in form and having 
a structure such as that given by the cyclol theory, we see that adsorption 
of molecules upon a surface covered by thorium atoms should not be expected 
to produce an unfolding of the molecules such as would occur at an air- 
water interface. The films which are obtained in this way usually have 
thicknesses much greater than those of monolayers on water and approximate 
in many cases the diameters of protein molecules. Perhaps under favorable 
conditions rough determinations of molecular diameters might be made by 
this method but in general we have found that the thicknesses of the films 
produced in this way, although quite reproducible, depend greatly upon the 
pH of the solution, the concentration of the protein, and the length of time 
the protein solution is allowed to remain in contact with the conditioned plate. 
Although this technique is thus relatively difficult, it is. I believe, one which 
will be particularly useful to the biologist, largely because it is so sensitive 
to important biological factors. 


Salted-Out Films 


When solutions of proteins are applied in small amounts to the surfaces 
of strong salt solutions such as those of ammonium sulfate, magnesium sulfate, 
or sodium chloride, some very thick films of proteins are sometimes produced 
(33). The thickness of these can be measured by optical means either directly 
on the water surface or after they have been deposited on plates. The forma- 
tion of the film apparently depends upon a crystallization of the protein into 
a large thin sheet and so usually involves a purification of the protein. This 
technique should be particularly serviceable as a microtechnique for producing 
pure proteins. 

Skeleton Films 


When barium stearate films (having no copper) are dipped into benzene 
containing about 1 per cent of 95 per cent ethyl alcohol, the free stearic acid in 
the film is dissolved out, leaving the barium stearate as a skeleton (18, 20, 21). 
The thickness of the film is the same as before it was dipped into the benzene, 
but the refractive index is reduced by an amount which produces large changes 
in apparent optical thickness. 

When a drop of oil is placed on such a surface, it films the pores of the 
skeleton film and so restores the color nearly to the original value. By applying 
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protein monolayers on top of a skeleton (18), then putting additional barium 
stearate layers on top of the protein and skeletonizing these, it is possible 
to measure the permeability of protein monolayers for various organic sub- 
stances.* 

Interesting results are also obtained when films of protein are applied 
to polished copper plates either with or without barium stearate layers, and 
then the plates are exposed to a low concentration of hydrogen sulfide. The 
rapidity of the color changes due to the formation of copper sulfide are very 
greatly modified by the presence of protein films. 

Reactivities of Protein Monolayers (24) 

In order to test the reactivity of pepsin monolayers we spread pepsin mono- 
layers on water, deposited them on prepared plates, dried them, measured 
their thickness, and then immersed the plate into skimmed milk to observe 
the rate of clotting as a test of the activity of the pepsin. 

It was found that the pepsin on the plate escapes into the milk within a few 
seconds if the plate is shaken gently when first placed in the milk. Dipping 
this plate inte 1 second batch of milk shows that all the pepsin has been removed. 
The first bz ch of milk into which the pepsin escaped clots in a time which 
is not much shorter than that which would be required if the same amount 
of native pepsin had been added directly to the milk. These experiments 
prove that the pepsin, which has been spread on water so that it has a thickness 
of only about 8 A and has then been deposited on a plate, can be brought 
back into the form of native protein by some agent that exists in the milk. 
Washing the plate in water does not remove the pepsin from the plate, but 
a few seconds in milk detaches it completely. 

This experiment does not prove that the pepsin monolayer itself is directly 
able to clot milk, but it does indicate that the monolayer together with some 
substance in the milk (probably an enzyme), can reconstruct native pepsin. 
It may be possible that there is a protein template in the milk which organizes 
the protein back into its native forrh. We hope to make further experiments 
to find the mechanism involved and isolate the substance in milk which detaches 
the pepsin from the plate. 

When a monolayer of urease is deposited on a plate and this is tested 
for its reactivity toward urea, strong reactivity is found, but the activity is 
never more than 10 per cent of that of the same amount of native urease. The 
data we have published so far (24) have been only qualitative, since we used 
the change of color of phenol red as an indication of the conversion of urea 
into ammonia. We found that the phenol red acts as a catalytic poison 
for the urease, so that the activity is gradually lost. 


* Some recent experiments by Waugh (9) have shown that from monolayers of egg albumin 
adsorbed at the interface between benzene and water, protein membranes can be built having 
water on both sides. The life of the membranes was greatly increased by adding lecithin 
to the benzene. 
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More recently we have repeated these experiments, making quantitative 
measurements of the activity of the urease by direct determinations of the 
rate of formation of ammonia while the plate is in contact with a citrate buffer 
(pH 6.5) containing 0.1 per cent of urea. In this case it is found that the 
activity of the urease continues for hours without appreciable decrease. 

Further work with these urease monolayers must be made before we can 
decide whether the activity must be attributed to the monolayer. It may pos- 
sibly be due to a small fraction of the urease which has not unfolded during 
the spreading process. There are some indications that this may be the case, 
for experiments have shown that the activity of the monolayers decreases 
greatly if the monolayer is allowed to stand on water for 15 minutes before 
depositing it on the plate. 
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Discussion 


Dr. WrincH: It seems to me that in protein chemistry one is concerned with the pro- 
perties of proteins in general and then with the nature of the differences between individual 
proteins. With Langmuir’s technique one has a very clear picture of these two different fields. 
I think on the first view one of the most attractive features is that they can be used diagno- 
stically. Among the many structural properties of proteins which are immediately discoverable 
by these methods there is one of special interest in view of all the new work on virus proteins, 
phages, etc. I refer to the results regarding the non/spreadability of certain proteins, which should 
be interpreted. I think, as indicating a compound cage structure. If a protein consists of more 
than one cage it seems to be a necessary preliminary that the cages should first be disengaged 
from each other. In the case of the nucleoproteins of tobacco mosaic virus, etc., it looks as if 
nucleic acid is there playing the part that is played by urea and water molecules and other foreign 
molecules in linking together the individual cages, and that incapacity to spread means that 
a cage colony has first of all to be divided into individual cages before any serious inroad can be 
made on the stability of the structure by coming in contact with the surface. That is also 
the case with the tobacco seed globulin, which I believe is also a cage colony. Another striking 
aspect of the work is the expansion patterns of proteins which indicate as clearly as possible 
that the number of cross linkages between and within the different pieces of the protein film 
varies from protein to protein. It should be possible to link up viscosity and elasticity data re- 
lating to individual proteins with their chemical composition, when complete chemical analyses 
become available. I would emphasize that these methods should enable us to go forward with 
the task of interrelating the distinctly different compositions of different proteins to their structure. 
Regarding the general implications of these experiments, enough has been said to make it obvious 
that polypeptide chains which are unlinked play no part in the structure of protein films. 
I think the essential units in protein films are polypeptide rings (not chains) and in some 
cases pieces of fabric. These units are evidently capable of reversible inter-linking. I think the 


reversible intermolecular and intramolecular ring chain tautomerism YN-CHO) CK = 


NH, oc’ which is the basis of the cyclol theory, fits the facts regarding protein monolayers 
very well. Taking the polypeptide ring as the essential entity, we see that on this theory it can 
tautomerise reversibly into a piece of fabric. Also, a large ring can tautomerise into smaller 
rings. Further a large ring containing, say, 24 or 36 or 72 residues can be aligned by pressure 
in any given direction. This explains the way in which some (but not all) protein films after 
compression in one direction can yield fibres in the direction normal to this. 

It looks as if the breaking of a multiple peptide link to give the classical Fischer peptide link 
is an operation requiring much less energy than the breaking of a single peptide link by hydrolysis. 
The first operation is simply a tautometric change. A further point is that with the multiple 
peptide links on the cyclol fabric, there is necessarily stereochemical asymmetry associated 
with the two C/N bonds at one end of a residue, since in particular the Cg atoms of the adjoining 
residues lie normal to the median plane of the fabric and at a small angle to the fabric, respectively. 
There will therefore be preferential tautometric splitting of one of these C-N links. It looks as 
if this may be a reversible operation in some cases. Thus a protein monolayer of (say) urease 
may break down always in the same way, into a certain number of rings of certain sizes, 
and perhaps a certain number of pieces of fabric. It is not necessary, in view of the asymmetry 
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of multiple peptide links, to assume that the monolayer has lost its capacity to revert to the glob- 
ular form, since a preferential path of tautometric fragmentation implies the possibility of a pre- 
ferential path of tautometric synthesis. 

Dr. Lancmurr: Many mechanical properties of protein monolayers, such as viscosity, 
compressibility, contact angles, etc., are hard to reconcile with a definite cyclol fabric structure 
for the monolayer. These difficulties, I think, all disappear if we adopt the concept that a protein 
monolayer is formed from a cyclol molecule by the breaking bonds along definite preferred paths, 
as is brought out in the discussion of Wrinch’s paper. 

I am glad to see that Wrinch in her discussion emphasizes the tautomerism between the 
four-armed and two-armed building unit, and recognizes that in the progressive degradation 
of proteins, definite closed polypeptide chains are formed. 

Dr. NeuraTH: According to Gorter and Phillipi’s recent experiments the spreading of pro- 
tein is independent of pH if sufficient time is allowed to elapse after placing the material on the 
surface. On both the acid and the alkaline side of the isoelectric point the area per g protein at 
zero compression is the same as at the isoelectric point. The W-shaped curve originally found 
for the relation between area and pH, and referred to by Langmuir, is simply due to the fact that 
insufficient time has been allowed to elapse for spreading to be complete. 

With regard to the peculiar patterns one obtains when a drop of oil is placed on the surface 
of a protein film. I feel that these patterns and their shape are related to the physical prop- 
erties of the film. If one is dealing with a film in a liquid state one would expect to obtain spheri- 
cal patterns, whereas in the case of plastic or solid films one might expect squares or stars, 
for instance. Thus the type of pattern seems to the largest extent to be a function of the physical 
properties of the film. 

N. K. Adam has shown that the question of whether a film is liquid or solid depends only 
on slight changes of the lateral adhesion between molecules. In the case of fatty acids, for 
instance, variation of the nature of the bulk solution with respect to electrolyte concentration 
or pH might produce either solid or liquid or gaseous films. In the case of such well defined 
substances as long-chain fatty acids, I do not think it is necessary to postulate the presence of 
cross linkages between the molecules. Slight changes in the lateral adhesion between the lyophilic 
carboxyl groups of the fatty acid molecules due to increased or decreased ionization are 
sufficient to account for the changes of the state of the films. 

Phenomena met with when studying the physical state of protein films may equally well 
be explained on the same basis. Some two or three years ago when working in Adam’s labora- 
tory I found that whereas a film of egg albumin is rigid when spread on N/20 acetate buffer, 
PH 4.8, it becomes liquid if the buffer concentration was about N/300 or if the pH of the 
buffer was changed from 4.8 to 4.4. Here one could very probably observe by Langmuir’s 
technique spherical patterns in spite of no denaturation having taken place. 

Finally, I should like to make a few remarks about the phenomenon of overturning of protein 
films described by Langmuir. Closely related to this phenomenon is that of the wettability 
of deposited films. We have carried out very accurate measurements of the compressibility 
of films of highly purified egg albumin spread on acetate buffer at pH 4.8 and 4.4 respectively. 
Examination of the films under the microscope by dark-ground illumination revealed that col- 
lapsing occurred at a pressure of 18 dynes. Cracks perpendicular to the direction of compression 
became visible at that pressure. At pH 4.4 irreversible collapsing occurred at a pressure of 
15 dynes. Decrease of the electrolyte concentration of the bulk solution lowered the limit of 
compressibility still further. Finally, it seemed to be impossible to obtain homogeneous protein 
films on a surface of distilled water. 

Bull has likewise shown us that if one compresses a protein film to high pressures and 
expands it again, about 30 per cent of the spreading material is lost. I have the feeling that these 
phenomena might very well be influential in the observations that deposited protein films are 
always equally readily wetted by water and by benzene, no matter whether they have been 
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deposited on an upward or downward trip. If the film has already collapsed before it is 
deposited on the solid, one would expect that the deposited film is likewise inhomogeneous 
and exhibits areas of both lyophilic and lyophobic character. 

Dr. Lancomuir: The properties of a film of a protein which has been spread in such a way 
as to give a small specific area, (m*/mg), show that not all of the protein has spread, the rest 
having remained in solution. This is proved by the fact that the properties of the film, such as 
compressibility, etc., are the same even when very different areas per mg are observed. The 
method of depositing a monolayer of the film upon a barium stearate multilayer film makes it 
possible to measure optically the thickness of the monolayer on the water, and then by assuming 
a density of 1.3 for the dry protein, to calculate the m*/mg for the monolayer on water. This 
amethod has the fundamental advantage that we do not need to know that all the protein applied 
to the surface has really gone into the monolayer. In fact by comparing the two methods, it 
is possible to determine how much protein has gone into solution. 

I think that the mechanical properties such as viscosity, elasticity, and tensile strength 
of these semi-solid monolayers are quantitative measures of the number and intensity of the 
‘cross linkages between polypeptide chains or cyclol fragments. We have made a number of ex- 
periments and they very greatly strengthen my belief that it is really cross linkages that make 
a film solid. 

The surface viscosity of pure stearic acid is extraordinarily low. You can get films which 
have a million times greater viscosities. Stearic acid spread on water containing 10-‘ M BaCly 
gives viscosities which vary as a function of the pH. Up to pH 7, the viscosity is low, but 
it reaches a maximum at 7.8 and drops to a much lower value at pH 9. I do not know why 
it falls off at these high pH values. At pH 9, if we add 10-* parts by weight of sodium hexameta- 
phosphate (far too little to remove the barium ions) we find that the barium stearate mono- 
layer becomes extremely rigid and strong. Our investigations show that this is due to the adsorp- 
tion of the long-chain metaphosphate polymer on the under side of the barium stearate monolayer 
attached by the barium atoms. Thus a kind of a felt-like fabric fastened to the bottom of the 
film reinforces the structure, making it extraordinarily rigid. 

I believe that the rigidity or elasticity sometimes observed in protein monolayers must also 
be due to cross linkages between peptide chains. These may be partly cyclol bonds, but the 
marked differences in mechanical properties of monolayers of various proteins suggest that cross- 
linkages between side chains play a more important role. 

For comparison, we have studied the mechanical properties of monolayers given by 5 or 6 
different well recognized long-chain polymers, such as methyl methacrylate, polyvinil acetate, 
etc. The expansion patterns given by these polymers resemble very closely those given by 
proteins. You can get star shaped and round patterns, duplicating most of the expansion patterns 
we have had with proteins. I feel this is good evidence that the globular proteins, which I 
believe have a cyclol type of structure, form monolayers on water which are essentially long- 
chain polypeptides probably consisting of cross-linked closed polypeptide rings. 

Dr. MEHL: Would it be possible to test the influence of side linkages on the behavior 
of these films by using polymers in which such side linkages might be formed in greater or less 
numbers? Among the different types of polymers, some have groups which might form side 
linkages more easily than others. 

Dr. Matuigu: I should like to mention a very beautiful experiment made by Devaux in 
Bordeaux. Langmuir said that the protein films are highly compressible. Bateman, after Bull’s 
lecture, showed the elasticity curve of an egg albumin film. Bateman considered only the revers- 
ible part of the compressibility curve. If one goes on compressing the film, one gets a thread 
which can be picked up out of water. When this thread is formed, and long before getting it, 
the protein is incapable of expansion: this means that the compressibility becomes irreversible. 
Bateman reminds me that he did not go further that 30 dynes to be sure of reversibility, 
The making of the thread according to Devaux’s method gives us, I think, a very simple example 
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of denaturation. When you have egg albumin, for instance, dissolved in water and the protein 
spread on the surface, after eliminating the monolayer in the shape of a thread, there slowly 
appears on the surface a new layer which can be compressed into a new thread: and so on 
until there is no more protein in solution. It is important to note that it takes a certain time for 
the film to come up to the surface of the water, this time depending on the protein used. In 
Devaux’s experiments, even if the conditions were not perfectly well defined, the interpreta- 
tion can be given as follows: We start with a globular protein in solution. I consider it as Ast- 
bury described it, as the piling up of discs: these discs are made of chains folded in one plane, 
each chain being linked to others by their side chains (about 8.5 A long). On water the disc 
slip one on another exactly as do the molecular layers of a crystal of stearic acid dipped in water, 
The disc stand on water like spiders with many legs. It must be noticed that some side chains 
are pointing upwards in the air, like long hairs on the back of the spiders. The layer, owing 
to the possible folds of the molecules in the planes of the chains, is highly elastic. When the layer 
is compressed, the chains unfold to the fullest extend. When the compression is increasing, the 
film itself becomes folded. In a later discussion Langmuir suggested the existence of such folds. 
The folds of the layer can bring two portions of the surface film so close together that they 
can clamp one to the other. If we assume that the folds are parallel to the main chains, the clamp- 
ing should be made by the side chains, those which were originally pointing upwards. As 
soon as the first clamping occurs, there is no more reversibility in the compressibility curve. By 
compressing more and more, more folds are clamped. and at the end the film becomes a thread. 

By compression one has brought about aggregation of the protein film: this aggregation 
is a true crystallization by pressure effect. The making of Devaux’s thread is the last chapter 
in the denaturation story of the protein originally dissolved in water. 

Regarding the definition of the word “denaturation”, I would like to emphasize this defini- 
tion first given by Astbury: ‘“Denaturation is the evolution towards the f-keratin structure, 
this structure being always the last chapter of any story about proteins.”” In Devaux’s experi- 
ment, which is very simple, we have at least two stages in the denaturation process. 

To conclude what I have said, I must point out that it is purely a suggestion. Only the 
X-ray analysis of the structure of Devaux’s threads will provide the correct answer. 

Dr. Lancmuir: You said that a kind of equilibrium exists between a dilute protein solution 
and the monolayer which forms on its surface. It seems to me that the most that can be 
said is that this is a pseudo-equilibrium Devaux emphasizes that he has compressed films in 
various degrees and for long periods of time but never found evidence that protein monolayers 
can be forced back into solution. 

When a dilute protein solution is allowed to stand, a protein monolayer forms when the 
protein first diffuses to the surface. This film soon begins to exert a surface pressure F. Its 
presence tends to prevent other molecules from reaching the surface, and unfolding into the 
monolayer. The monolayer thus increases in thickness very slowly, reaching a limiting value 
only after many hours. The higher the concentration of the solution, the greater the thickness of 
the monolayer that is formed and the greater the value the force F that it is capable of exerting. 

In the July number of the Journal of General Physiology, Waugh and I give a table of values 
of film thickness, m?/mg, and F for egg albumin solutions of concentrations ranging from 107 
up to 10* parts by weight. These limiting values however, do not represent an equilibrium, for 
the process is an irreversible one. If a portion of the film is expanded by the motion of barriers, 
the force F at first decreases and then returns slowly to its former value. On the other hand 
when the film is compressed it crumples, becomes thicker, and then, by the establishment of new 
cross-linkages, the force F decreases to a new value, but the thickness does not decrease in 
a way that corresponds to the decrease in F. 

Dr. Astsury: I am particularly intersted in the thickness of the still active urease. The 
layers are about 20 A thick. They could not then have been in the fully unfolded condition, 
which corresponds to about 10 A thick. 
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Dr. Lancmurr: I do not believe that there is any good evidence that all protein monolayers 
at F = 0 should have the same thickness. Our measurements have given for different proteins 
values that range between 7 and 18 A. 

The quantitative measurements that we have made of the activities of urease monolayers 
have indicated that both the activity per gram and the activity per cm* decreased as the film was 
compressed. 

Mr. Furcucott: I notice in one of your tables that urease monolayers deposited under 
the same small pressure (0.4 dyne/cm) on differently conditioned surfaces vary considerably 
in thickness (8 A to 21 A) as determined optically. Can you account for these variations 
in thickness? 

Dr. Lancmurr: I do not believe the measurements of the film thickness for urease in 
the table that I showed are reliable. In the case of films that are relatively rigid such as egg 
albumin and urease, the film that is spread upon water is apt to be variable in thickness. If the 
film is spread from one end of the tray, measurements of films formed by depositing some of 
the monolayer from the two ends of the tray show differences often as great as 2 to 1 in 
thickness. Such variations never seem to occur with protein monolayers of the fluid type such 
as those obtained from insulin. At the time we made the measurements of the urease films which I 
gave, we were not aware of these difficulties in obtaining a uniform thickness. 

Later measurements where special precautions were taken to obtain uniform thickness gave 
thicknesses which varied linearly with the compressive force F. At F = 10 the thickness was 
found to be 27 A. The thickness at F = 0, obtained by extrapolation, was about 15 A. 

Mr. Furcucott: In a sense, a film does not increase in thickness with an increase in mo- 
derate pressure. Rather, in accordance with the idea of Philippi and others, the evidence seems 
to show that as one increases the pressure and decreases the area of the film at moderate pres- 
sure, one merely squeezes water molecules from between the polypeptides into the water below 
the film. 

Dr. Lancmuir: The film thicknesses which I have given for monolayers deposited on plates 
were calculated from measurements of the interference effects produced by the light reflected 
from the top and the bottom of the film. To get the thickness from the optical measurements, 
one needs to know the refractive index. For this purpose we took the value 1.50 which was 
based on some measurements made by Blodgett with films of this kind. This refractive index 
is probably not in error by more than 1 or 2 per cent. It applies of course to the air-dried 
film. 

If we know the specific area of a monolayer (in m*/mg) we can calculate the thickness of the 
deposited monolayer obtained from it by assuming that the amount of protein per unit area 
in the deposited monolayer is the same as for the monolayer on water. Then if we take the 
density of the dry protein to be 1.3, we obtain values of the thickness which agree well with 
those found by the optical measurement. This, of course, does not mean that the monolayer 
on the water actually has this thickness. The monolayer on the water is probably highly hy- 
drated and therefore much thicker. 

Mr. Furcucotr: According to the literature, surface potential measurements on protein 
monolayers spread from a point show homogeneous films as far as this method of measurement 
can detect. If a protein film varies in thickness in different parts, these different parts will give 
different surface potentials. This would indicate that monolayers of uniform thickness can 
be obtained by spreading from a point if sufficient time be allowed for the spreading. 

Dr. DanteLti: I have some results opposite to these with films which were elastic immediately 
after spreading. In that case the surface potential of the film is not uniform in many cases. 
Where the film is initially liquid the potential is usually uniform. Have you met any cases where 
after having an initial solid protein film your native protein is adsorbed underneath that spread 
film? It seems to me that such adsorption causes difficulty in quantitative work. Do you feel 
inclined to interpret in any way the elasticity curves which Bateman has found? 
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I should like to describe some work we are doing on antibodies and antigens. We have had three 
types of experiment in mind: (1) spreading a film of antibody, and observing its reaction with 
specific polysaccharide dissolved in the bulk phase; (2) spreading a film of the antigen, and 
observing its reaction with antibody dissolved in the bulk phase; (3) preparing antibodies to an 
antigen consisting of a polysaccharide which will give good surface films, artificially linked 
to a protein, and then forming films of the polysaccharides and allowing these films to react with 
antibody dissolved in the bulk phase. Experiments of type (1) have given completely negative 
results, (i.e. there is no reaction between the antibody film and the polysaccharide) with Pneu- 
mococcus antibodies. We made surface pressure measurements at both the oil-water and air-water 
interfaces, and surface potential measurements at the air-water interface. The surface pressure 
measurements would certainly detect penetration of the antibody film by the polysaccharide, 
and the surface potential measurement would have recorded any interaction of the polysaccharide 
with the polar groups of the films. Neither effect would be detected. The antibodies were 90-95 
per cent preciptable by specific polysaccharide in bulk solution. Films of antibody were tested (a) 
by first spreading the film, then injecting the polysaccharide into the bulk phase, (b) by spread- 
ing the protein on the surface of a solution containing polysaccharide. 

Langmuir’s paper suggests a fourth type of experiment. A solid film of inert material 
under compression, or solidified by low temperature, should be formed at the air-water interface, 
then antibody or antigen allowed to adsorb on this film from the bulk phase. Judging from 
Langmuir’s results it should adsorb in the native state, or in a form closely resembling the 
native state. This double film should then be allowed to react with the antigen or antibody, and 
the properties of the resulting film investigated by expanding and recompressing it on the surface. 

Dr. Lancmurr: It has recently occurred to me that the activity which we have observed 
with urease monolayers deposited on plates might possibly be due to a certain proportion of 
globular molecules or broken fragments of them which are mechanically held by or adsorbed 
on a urease monolayer. The highest activities per gram we find for urease monolayers are 
only about one tenth as great as for urease in solution. I have thought that this difference may 
be due to steric factors which prevent the access of the urea to the active parts of the molecule, 
or it might be a limitation due to the time necessary for the urea to diffuse to the surface. 
However, it may be possible that the monolayer is inactive and that the observed activity is 
due to entrapped portions of globular urease molecules. 

I think the best way to test for this possibility is to make quantitative measurements of the 
amount of light scattered by urease monolayers or multilayers. We have noticed that some 
but not all of the urease monolayers deposited on chromium plates covered with barium stearate 
multilayers, show a perceptible amount of scattered light, more than we have observed with 
other proteins, but we do not know whether this is related to the activity. The color of this 
scattered light varies with the thickness of the underlying barium stearate film, being comple- 
mentary to that reflected from the barium stearate film. 

We are devising apparatus to make quantitative measurements of the amount of light scat- 
tered from protein monolayers. Preliminary measurements seem to indicate that it should be pos- 
sible in this way to determine the presence of even a small proportion of globular molecules 
entrapped in such a film. 

Dr. ABRAMSON: There is a general method (in answer to Danielli’s question) which may 
be used to determine the nature of the layer of protein in contact with liquid. I refer to the st udy 
of the electric mobility of air bubbles covered with protein films. In fact, a few measurements 
of this type have been made. Air bubbles suspended in soft gelatin gels migrate with the same 
speed as quartz particles do. It may be concluded with a fair degree of certainty that the protein 
film in this instance is the same at both surfaces in the outer layer. Experiments with egg 
albumin may lead to different results. 
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A prop of pure liquid hydrocarbon placed on a clean water surface holds 
together as a circular lens in spite of the force of gravity which tends to 
spread the hydrocarbon over the surface. There is thus a definite contracting 
force of about 11 dynes/cm, which prevents complete spreading of the lens. 
If molecules having both hydrophilic and hydrophobic parts are in solution 
in either the hydrocarbon or the underlying water, these molecules concentrate 
at the interface, and there exert a spreading force F,. If this force equals 
or exceeds the force of contraction, the lens spreads to form a duplex film, 
so thin that gravitational forces are negligible. 

With a limited amount of spreadable substance at the interface, the oil 
spreads until the surface concentration decreases to the point at which F, 
is again equal to the critical value. The area to which the oil spreads varies 
in proportion to the amount of adsorbed substance in the interface. The 
thickness of the lens may thus decrease until interference colors appear. With 
a further introduction of spreading substances the lens may become too thin 
to give interference colors. 

The local introduction of solid protein or protein solution beneath a lens 
results in a sharply defined decrease in thickness in this region, the surrounding 
regions remaining much thicker.? 

The arrival of minute traces of spreading substances at a hydrocarbon 
interface can be detected by using indicator oils as described by Blodgett.* 
Automobile lubricating oil is oxidized by heating, thus producing hydrophilic 
groups, so that a drop of the oil spreads to give an invisible film. This oil, 
when mixed with a non-spreading oil such as petrolatum, produces an indicator 
oil which forms stable films of uniform thickness. By choice of proportions, 
an indicator oil film can be made to show any desired interference color when 

* Washington University, St. Louis, Missouri. 

1 I. Langmuir, ¥. Franklin Inst. 218, 143 (1934). 


* I. Langmuir, V. J. Schaefer and D.M. Wrinch, Science 85, 76 (1937). 
3 K.B. Blodgett, ¥. Optical Soc. Am. 24, 313 (1934). 
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the film is not confined by a barrier, i.e., at F = 0. When a dilute solution 
of protein, biological peptone, or other spreadable substance, is injected beneath 
such an indicator oil film, the arrival of the molecules at the interface causes 
a change in the interference color. The original color is chosen so that a given 
small increase in area produces a maximum change in color. 

Indications of Soluble Products in Protein Monolayers.—Recently* Schaefer 
described a simple method for the classification of protein monolayers. A small 
drop of indicator oil is applied from the end of a platinum wire to the center 
of a protein monolayer which has been made coherent by compression to 
1.0 dyne/cm. The outline of the expanding oil takes a geometrical shape 
which is characteristic of the protein used. These expansion patterns have 
been classified’as star like, rough circular, and smooth circular. In expansion 
patterns obtained with pure insulin (smooth circular) the area occupied by 
the fully expanded indicator oil is seen to present a uniform color. 

In expansion patterns made with trypsinogen and trypsin, however, the 
expanded oil does not give a uniform interference color but shows a gra- 
dation in color near its boundary which corresponds to a thinning of the 
oil in this region. The gradation, easily seen in Figs. 2c and 3a of reference 
(4), suggests the following. During the spreading of the protein monolayer 
a portion of the protein, or impurities in the protein, remains in the substrate 
just beneath the surface. The expanding monolayer carries with it, as it spreadse 
a sheath of this dilute protein solution. When the drop of indicator oil is 
placed in the central region of the protein monolayer, it expands and pushes 
ahead of it the protein monolayer and the associated sheath of protein solution. 
At the same time the expanding oil drags its own sheath of pure water along 
with it. During expansion, however, both sheaths lag behind the surface 
films over them. At the boundary between oil and protein this lag causes the 
dilute protein sheath to be displaced, so that part of it comes to lie under 
the edge of the indicator oil. Thus, protein diffuses gradually into the oil film 
near its boundary and produces a thinning with consequent changes in color. 
It has been our experience that the edge effect appears within one minute 
after expansion. 

Observations on edge effects suggest the possibility of using the phenom- 
enon for a semi-quantitative estimation of spreading molecules present 
just beneath the surface. It should be capable of indicating not only unspread 
portions of proteins but also any film components which may be forced to 
leave the surface because of increased solubility under pressure. 

In another publication,’ in which the reversibility of the force-area curve 
of gliadin was studied, it was found that after compression to 25 dynes/cm 
the area at 1 dyne was less than its original value. A progressive decrease in 
area was observed after successive compressions to 10, 15, and 25 dynes/cm. 


‘ V.J. Schaefer, ¥. Phys. Chem. 42, 1089 (1938). 
* I. Langmir and V. J. Schaefer, Chem. Rev. 24, 181 (1939). 
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As a possible explanation it was suggested that the decrease in area is due to 
“a small proportion of short-chain degradation products produced during 
the spreading of the protein, which are driven into solution by subjecting 
the film to a high pressure.” It should be possible to demonstrate the 
presence of these short-chain degradation products by a modification of the 
edge-effect technique. 

A study of reversibility in the compression of protein monolayers and a cor- 
relation with indicator oil discoloration are needed to establish the character- 
istics of the pure protein. In the present publication we report observations 
made with untreated proteins and with proteins that have been subjected to 
various forms of degradation. 

The Edge Effect in Protein Monolayers.—We propose to use the change 
in the interference color exhibited by an indicator oil film to measure the 
amount of spreading substances in the substrate. On distilled water, in the 
absence of strong light, such oil films are fairly stable over a period of 
fifteen minutes or more; but with a substrate of 0.01 N hydrochloric acid 
a noticeable color change is observed within five minutes. We have avoided 
taking data, therefore, if the oil film is more than ten minutes old and in 
most cases have used substrates having pH’s between 4 and 8. The indi- 
cator oil used in the following experiments gave a first-order blue-purple at 
F = 0 and 45° angle of incidence. 

We recognize three types of edge effect: I, edge effects due to protein 
molecules or impurities which have remained in the substrate because of in- 
complete spreading; II, edge effects produced by the mechanical admixture 
of the indicator oil with the protein film; and III, edge effects due to sub- 
stances which spread with the protein, remain in the surface film at low 
pressures but leave the interface at high pressures and pass into the substrate. 

I. Edge Effects Due to Incomplete Spreading.—To this class belong all 
edge effects in expansion patterns observed when the films have not been 
subjected to pressures over 2-3 dynes/cm. A number of experiments indicate 
that the substances which produce these edge effects are in solution in a very 
thin sheath just beneath the surface. 

The expansion pattern of a film of commercial pepsin (Lilly) on distilled 
water, which has never been under any pressure other than the spreading 
pressure, exhibits a silver edge of 0.5 cm width. If, however, the film is al- 
lowed to remain at F = 0 for twenty minutes before applying the indicator 
oil, no edge effect appears, because the spreadable molecules in solution 
just under the film diffuse deeply into the substrate and thus return so 
slowly and diffusely to the surface that they give no appreciable edge effect. 
A thorough agitation of the substrate under the film of commercial pepsin 
at F = 0 is sufficient to prevent the formation of an edge effect. Again, if 
an expansion pattern which exhibits a symmetrical edge effect is suddenly 
displaced 2-3 cm by simultaneous movement of both confining barriers, 
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the original edge effect is modified by the superposition of a further discolora- 
tion along the advancing edge of the oil film. This is caused by the shifting 
of the protein sheath from a position beneath the protein to a position beneath 
the oil. 

Crystalline trypsinogen (Northrop’s, isoelectric point 7.0-8.0) when 
spread on distilled water (pH 5.8) yields a low specific area and shows a wide 
light-silver edge effect. On a substrate at pH 7.0 the specific area at 1 dyne/cm 
increases to 0.7 m?/mg; the edge effect entirely disappears. Analogous results 
are found with crystalline pepsin: a wide edge effect at pH 7.0, while at pH 2.0 
near the isoelectric point no edge effect is observed. The edge effect is found 
to increase with the deviation of the pH of the substrate from the isoelectric 
point of the protein used. 

These results run parallel to those obtained on the thicknesses of protein 
monolayers.® It was found that over a range of pH’s giving widely different 
specific areas the thicknesses of the resulting monolayers at F = 16.5 dynes 
remained constant. The apparent variations in specific area with pH of the 
substrate are thus due to incomplete spreading of the original protein. 

The fact that a pure protein generally does not spread completely on a sub- 
strate far from its isoelectric point has allowed us to test the strength of a com- 
mercial pepsin by means of film measurements. Crystalline pepsin yields 
a specific area of 0.90 m*/mg at 1 dyne/cm when spread on hydrochloric acid 
substrate at the isoelectric point, pH 2.6, and gives no edge effect. When spread 
at the same pH commercial pepsin yields a specific area of 0.10 m*/mg and 
exhibits a wide silver edge effect. If all the pepsin, and none of the protein 
impurities in the commercial pepsin, spreads at pH 2.6, the activity should 
thus be 11% of that of the crystalline material. A sample of the same com- 
merical pepsin actually showed 16% of the activity of crystalline pepsin*® 
when tested by its power to clot skimmed milk. 

The production of a pure pepsin monolayer from an impure pepsin solu- 
tion spread at pH 2.6 was also shown by Langmuir and Schaefer. The 
milk-clotting power of monolayers deposited on metal plates as PRA, films 
at F = 9 dynes/cm was found to be the same (22,000 and 21,000 units per 
gram, respectively) whether the monolayers were spread from commercial 
or from crystalline pepsin. 

II. Edge Effects Produced by Mechanical Admixture.—The circular expansion 
pattern of insulin shows no edge effect. If the expanded indicator oil and 
surrounding protein films are compressed to 25 dynes/cm and then re-expanded 
to 0 pressure, a distinct edge effect is seen. By repeated compressions and 
expansions the protein and indicator oil may be completely intermixed, giving 
a composite film showing a very light brown interference color. A pressure 
of only 5 dynes/cm causes the indicator oil film to collapse into a small lens 
or thick ridge, depending upon the viscosity of the protein monolayer. At 


* I. Langmuir and V. J. Schaefer, T. Am. Chem. Soc. 60, 1351 (1938). 
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the higher pressure of 25 dynes/cm the protein monolayer is probably forced 
into folds under the oil and remains at the oil-water interface after the 
pressure is removed. This type of edge effect seems to be of little practical 
significance, but care must be taken that it is not confused with the other 
types. 

III. Edge Effects Due to Substances Forced Out of the Monolayer.—This 
type of discoloration, which we shall attempt to correlate with permanent 
decreases in area of protein monolayers, will be discussed in greater detail 
later. That the phenomenon exists may be proved in the following manner. 
The spreading end and the balance end of a film trough are designated in 
Fig. 1 by A and F. A flat glass sheet G, extending the full width of the 
trough and about half the length of the tray, is supported so that its surface 
is 1 mm below the edges of the trough. The glass sheet extends to within 
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Fic. 1. Trough with submerged barriers for measur- 

ing the surface pressures needed to force pressure- 

soluble components into solution. The vertical scale 
is exaggerated 15-fold. 


0.5 cm of the film balance. A series of submerged barriers C, D, E, M, N 
(nickel bars 1 mm x5 mm extending the width of the trough which have 
been previously oxidized by heating in a Bunsen flame to render them hy- 
drophilic) are now placed on the glass plate in predetermined positions. They 
are adjusted so that the sweeping and compression barriers are just able to 
pass over them. Barrier C is a ‘‘scrubbing” barrier which scrapes the under 
surface of the monolayer being spread at A and prevents unspread protein 
molecules from being carried into the compression region of DEMN. The 
positions of these barriers have been determined so that, when a fixed 
quantity of protein is spread, D is just beneath the compressing barrier at 
10 dynes/cm, E at 15 dynes/cm, M at 20 dynes/cm, and N at 25 dynes/cm. 
The movable compressing barrier is left above each submerged barrier for 
a two-minute period, after which it is moved to the next position and the 
solution between the submerged barriers, from which the monolayer has 
just been removed, is tested with indicator oil for spreadable molecules. 

A solution of gliadin in 70% alcohol was spread using Gorter’s technique 
(specific area 1.07 m?/mg at 1 dyne/cm). Little or no discoloration was obtained 
in the 10- and 15-dyne/cm regions, while a very apparent effect was obtained 
in the 20- and 25-dyne/cm regions. This result has been checked with other 
proteins. In general such pressure-soluble components are not forced out 
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of the film by pressures up to 10 dynes/cm, but leave the film very rapidly 
when pressures of 20 and 25 dynes/cm are reached. 

The Spreading of the Monolayers. Methods of spreading proteins have been discussed pre- 
viously.’ In the present experiments we have used protein solutions of 0.333% concentration 
and to obtain more reproducible specific areas have devised a modification of the band method.® 
A black glass spreading plate 5 cm wide and as long as the width of the trough is placed on 
glass strips in the spreading end of the trough so that its back edge is 1 mm below the edges of 
the trough (A, Fig. 1). The plate has a gentle slope toward the direction of spreading, so 
that the forward edge is about 2 mm below the edges of the trough. The protein solution is 
delivered from a micropipet as a band about 3 mm wide near the lower edge of a nickel 
strip 0.25 mm thick, 1.5 cm wide, and as long as the trough width. The nickel strip 
is then lowered rapidly into contact with the back edge of the spreading plate. As spreading 
proceeds, the upflow of water along the band with resulting eddy currents between the water 
surface and the spreading plate tends to force any traces of solution, which otherwise might be 
lost in the substrate, up to the air-water interface. Although spreading is quite rapid, a period 
of two to five minutes should be allowed for the completion of the process. Using this method, 
we have been able to obtain specific areas with deviations less than+5%. 

For the measurement of force a chainomatic balance with a sensitivity of 0.1 dyne/cm 
was employed. 


Force-Area Curves and their Changes with Time 


A striking characteristic of protein monolayers is their relatively great 
compressibility, and the high degree of reversibility in their force-area curves. 
Langmuir and Schaefer® have emphasized that the monolayers of many proteins 
can be subjected repeatedly for short times to surface pressures of 25 
dynes/cm, and yet the area, say, at 5 dynes/cm may remain constant. 

Many investigators of protein monolayers have noted slow changes in 
the force-area curves when the film is kept for many hours on a water sur- 
face. It is also reported that protein films show partial collapse if compres- 
sed to F = 15 dynes/cm or more. These variations with time have been 
regarded as troublesome effects, whose elimination was attempted by waiting 
long periods of time until the area at any value of F had reached a steady 
value. In general it seems to have been thought that this steady state represents 
a true equilibrium. Langmuir,’ however, has pointed out that the spreading 
of a protein to form a monolayer is an irreversible process and that the mono- 
layer when subjected to pressure cannot be considered to be in a state of 
equilibrium with the underlying solution. There appears therefore to be no 
theoretical reason for attaching particular significance to a steady state which 
can be nothing more than a pseudoequilibrium. It is far more significant 
that the force-area curve of a protein monolayer has such a high degree of 
reversibility when the changes in F are made rapidly. 

Mitchell® recommends that the force-area curves be determined only 
after the film has been kept on the water surface for twenty-four hours or 


7 |, Langmuir, Cold Spring Harbor Symposia Quant. Biol., VI, 171 (1939). 
® J.S. Mitchell, Trans. Faraday Soc. 33, 1129 (1937). 
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more. In recent experiments Cockbain and Schulman® allowed a time 
of two to five hours before observations were made, ‘‘... so that the 
film should attain a steady state; ... the reason for these slow changes 
is still obscure.” The great inconvenience in waiting these long times 
is surely not justified when there is no theoretical reason for preferring 
a steady state. In fact, serious errors may be caused by contamination 
from dust, or from impurities in the substrate.71° To devise a throughly 
rational procedure for the study of protein monolayers it is necessary 
to determine the causes of the slow changes of the force-area curves 
with time. 

Fundamentally, it must be recognized that with protein films we are dealing 
with a problem involving three variables — force, area and time, whose 
three-dimensional relationship we shall represent by the symbol (F, a, 2). 
As a matter of convenience and simplicity it is generally necessary to express 
this relationship in terms of one or more curves corresponding to two-dimensional 
relations, (F, a), (F, t), and (a, t). 

The procedure that we have adopted in studying these effects has been 
to vary F as a function of t in a cyclic manner, so that at the end of each 
cycle F is brought back to an initial value such as 1 dyne/cm. Usually we 
choose a standard sequence of rising values of F, each applied for a definite 
time interval such as one minute, followed by a sequence of falling values. 
This series of changes in F and t we call a compression-expansion cycle, 
or (F, t) cycle. The changes in area that occur during the cycle can be 
expressed by an (F, a) curve. 

Fig. 2 is a somewhat idealized diagram of a series of (F, @) curves 
showing typical effects of successive (F, t) cycles. The ordinates F are 
expressed in dynes/cm, while the abscissas are areas @ in m?/mg. The 
monolayer after it has been spread is compressed to 1 dyne/cm, and 
the specific area is measured, giving the point represented by A. If 
the film is subjected, at one-minute intervals, to a series of pressures, 
say F = 5, 10, 15, 20, up to 25 dynes/cm, and the area is measured at 
the end of each one-minute period, a curve AB is obtained. The pressure 
is then maintained constant for a definite time, t,,, such as ten or 
fifteen minutes, during which the area gradually decreases, as indicated by 
the line BC. These changes in area may be expressed as a function of t 
by a curve (a, t). At the end of the time ¢,, the pressure F is decreased 
in a series of steps, one minute each, until F has reached the initial value 
of 1 dyne/cm, thus completing the (F, t) cycle and giving the curve CD. 
It will be noted that this initial cycle causes a permanent decrease in the 
area represented by the difference AD. The curve ABCD does not form 
a closed loop. 

* E.G. Cockbain and J.H. Schulman, ibid. 35, 1266 (1939). 

10 G.I. Jenkins and T.W.J. Taylor, Nature 142, 291 (1938). 
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We shall describe these changes produced by the initial (F, t) cycle as 
non-reproducible, since they cannot be reproduced with the same film, although 
of course the same effect can be repeated by using a new film. 

Our experiments have shown that the permanent alterations in the film 
properties produced by the initial cycle, which are conveniently measured by 
the change AD, are due mainly to effects that occur during the time ty, 
while the film is subjected to high pressure. These changes we shall describe 
by the term pressure aging. : 

This aging takes place much more rapidly at higher values of Fy,, but 
pressures over 30 dynes/cm are usually to be avoided for reasons that we shall 
discuss later. If the time of aging t,, at a pressure F,, is continued long 


Surface pressure F in dynes/em 





Specific area a 


Fic. 2. Diagram of typical (F, a) curves and their 
changes with time. 


enough (for example, with insulin, ten minutes at 30 dynes/cm or twenty 
minutes at 25 dynes/cm) the film reaches a steady state in which the subse- 
quently measured displacement AD is found to have reached a limiting value 
that undergoes no further changes if F is not raised above the original aging 
pressure F,,. A film in this steady state may be said to be well aged. 

Let us assume that the initial (F, t) cycle, which gave the curve ABCD 
in Fig. 2, was such as to give a well aged film. Consider now the effect 
of subjecting the film to a second identical (F, t) cycle, again raising the pres- 
sure to 25 dynes/cm and bringing it back to 1 dyne/cm. During recompression 
the area follows the curve DE, E being somewhat less than B. While held 
at constant pressure for the time f,,, the area gradually decreases to C, the 
same point as in the initial cycle. During expansion the CD portion of the 
curve is reproduced. Each of a series of identical cycles now gives a repetition 
of the same three-sided loop DECD. 
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Maintaining the film at 25 dynes/cm for a longer time than in the initial 
(F, t) cycle may cause the area to decrease to a point F. However, upon re- 
ducing the pressure to 1 dyne/cm the area again returns to point D, but along 
some new curve, such as FD, giving a new three-sided loop, DEFD. 

If after reaching C in any of these cycles the pressure is reduced only 
to a point corresponding to G, the section of curve CG is obtained. While 
the pressure is then held constant, the area increases with time, until some 
point (H) is reached which lies between the curves CD and DE. Compres- 
sion now produces the HI portion of the curve, and after a certain time 
at 25 dynes/cm the point C may again be reached. Repetition of this last 
cycle reproduces the four-sided loop CGHIC. 

Repeated (F, t) cycles thus give loops in the (F, a) curve similar to 
DECD or CGHIC. Since these loops in most cases have finite areas, com- 
pression-expansion curves are not reversible, although they are reproducible. 
However, at low pressures below 15 dynes/cm the loop may degenerate into 
a single line, in which case the (F, a) cycle may be termed reversible. 

In some cases, to compare differences in character, composition, or struc- 
ture of films, it is useful to express the force F, not in terms of the area 
a, but as a function of the ratio a/a, of the actual area to that which the film 
occupied at 1 dyne/cm just before this compression. This type of curve which 
represents the function (F, @/a,) we shall call a compressibility curve. 

If a portion of a film of a pure substance can be forced into solution 
by the application of a high pressure such as 25 dynes/cm the area of the - 
remaining film at a lower pressure will be decreased, but the compressibility 
curve at these lower pressures remains unaltered. On the other hand, if a film 
is mostly insoluble at the highest pressure but contains pressure-soluble 
components, these substances may be driven out of the film by subjecting 
it to high pressure so that the composition of the remaining film is altered 
and therefore in general the compressibility and other intrinsic properties 
will be modified. 

The changes with time which we have observed with protein films can be 
divided into three classes: I, permanent decreases in area produced by initial 
(F, t) cycles below 30 dynes/cm; II, permanent decreases in area produced 
by (F, t) cycles above 30 dynes/cm; III, reproducible (F, a) loops given by 
well-aged films. 

I. Permanent Decreases in Area Produced by Initial (F, t) Cycles below 30 
Dynes/Cm (Pressure Solubility).—Protein films (insulin, gliadin) give reversible 
(F, a) curves when F is kept below about 7-10 dynes/cm. Permanent decreases 
in area, similar to that shown by AD in Fig. 2, begin to appear after maxi- 
mum pressures of about 10 dynes/cm have been applied, and increase rapidly 
in magnitude as the maximum pressure is raised still more. 

Several possible causes may be suggested for the initial permanent decrease 
in area. A redistribution of linkages between peptide chains within the mono- 
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layer might occur. Certain of the less strongly hydrophobic side chains might 
be driven out of the interface under pressure, coalesce just below the surface, 
although still attached to it, and remain below the surface after release of 
the pressure.*” Finally, protein molecules within the film, or more probably 
impurities or degradation products, when subjected to pressure, could exhibit 
an increased solubility in the substrate in accord with Gibbs’s law.’ The 
reappearance of these pressure-soluble components in the interface after 
expansion would depend upon their ability to diffuse back to and penetrate 
the protein monolayer, a process which in any case would be very slow. 

Whenever a protein film shows a permanent decrease in area at 1 dyne/cm 
after an initial (F, t) cycle below 30 dynes/cm, we have found that the presence 
of soluble products, driven into the substrate by the compression, can be 
detected by changes in the color of an indicator oil film which is subsequently 
placed on the surface. 

Table I gives the results obtained by applying this method to several proteins. 
The second column gives the percentage decreases in area (at 1 dyne/cm) 
produced in monolayers of these proteins by compressions to 25 dynes/cm 
for about five minutes. (A longer time would probably have been better). 


Taste I 


Changes in Area and Indicator Oil Discolorations Produced by Products Squeezed 
Out of Protein Monolayers 

















1 | 2 3 4 5a 

iedraawutteel ASM OE lage rn ere | amaeeeey cal 

Protein 25 dynes/em,| Monolayer |" of brotein | film (total 

9 jat 1 dyne/cm, monolayer, | film basis), 

° “em sq. cm : sq. cm : 
Inulin. 2... 13 723 34 60-90 
Heated insulin... . 16 700 112 120 
Insulin + pepsin... 25 640 160 159 
Gliadin. 2. 14 958 134 110-130 
Egg albumin (1) . . . 3.1 709 22 25 
Egg albumin (2) 3.1 710 22 24-40 
Pepsin... 1... 2 550 ul <35 











@ Uncertainties in column 5 are due to the difficulties of judging oil color changes. In the 
case of pepsin it was necessary to use hydrochloric acid substrate on which indicator oil normally 
undergoes a fairly rapid change. 


To make a quantitative determination of the amount of spreadable substance 
forced into the substrate, we have adopted the following technique which 
involves the use of indicator oil. The apparatus shown in Fig. 3 is used. The 
protein is spread at A. Column 3, Table I, gives the areas in sq. cm which 
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were applied and column 4 gives the permanent decrease in area which would 
take place if the films were subjected to 25 dynes/cm pressure. B is a group 
of three submerged barriers just below the surface which ‘‘scrub” any unspread 
protein molecules, or other substances, from the under surface of the film. 
The barrier C serves as an additional precaution against the entry of contam- 
inants into the C-D region. The film balance is shown at F. G, a glass 
plate 1 mm below the edges of the trough, carries the submerged barriers 
C, D, and E. 

When the protein film is compressed by a surface barrier to a pressure 
of 25 dynes/cm, D is just beneath the compressing barrier. The film is kept 
at 25 dynes/cm pressure for ten minutes. During the normal decrease in area, 
corresponding to BC in Fig. 2, which takes place in this ten-minute interval, 
D is kept beneath the compressing barrier by pushing it along the glass 
plate by cleaned platinum wires. The compressing barrier is then moved 
rapidly to E and a limited amount of indicator oil (200-400 sq. cm) is immedi- 
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Fic. 3. Trough with submerged barriers for measur- 
ing the amounts of pressure-soluble components. 


ately spread over the exposed solution between D and E (at F = 0). Spreading 
molecules present in the substrate between these submerged barriers, which 
are derived from the protein monolayer, now diffuse to the oil-water interface 
and there produce an increase in area of the indicator oil and a consequent 
change in color due to the decrease in thickness. A small area of fresh indi- 
eator oil is spread near C. Since no spreading molecules are present at this 
point, this area does not change color. The difference in color between this 
area and the oil over the DE region is noted. 

The fractional increase in area of the oil over the DE region corresponding 
to the observed change in color is determined as follows. Another sample of 
indicator oil, oxidized to give a silver color, is spread, and by compression 
between barriers is made to undergo the same color changes as those ob- 
served in the foregoing experiments, while the changes in area, shown by the 
movements of the barriers, are measured. Multiplying these fractional increases 
in area by the total area between barriers D and F gives the increase which 
is recorded in the last column of Table I. 

A comparison of columns 4 and 5 shows a close agreement between the 
permanent decrease in area of the monolayer and the increase in area of the 
indicator oil film. These should be equal if all spreadable substances forced 
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out of the protein monolayer are transferred to the indicator oil film and if 
the area which these molecules contribute to the monolayer is the same as 
that which they give at the indicator oil interface. We have no proof that each 
of these two conditions is fulfilled. It may be possible by a further study 
of these pressure-soluble spreadable substances to investigate these factors 
separately. However, from the close agreement between columns 4 and 5 we may 
conclude that the irreversible decreases in specific area after compressions 
to 25 dynes/cm are mainly due to the forcing out of pressure-soluble com- 
ponents into the substrate. 

These pressure-soluble components of monolayers are undoubtedly often 
impurities in the original protein. We find, for example, in the data of Table I 
that the purest proteins, crystalline pepsin and egg albumin, have given 
only small losses in area. However, it is quite possible that pressure-soluble 
substances may be produced even from pure proteins by the partial breakdown 
or unfolding of globular protein molecules which must accompany the spreading 
process. 

II. Permanent Decreases in Area Produced by (F, t) Cycles above 30 Dynes/Cm 
({Collapse).— We have seen that an insulin film loses about 13% of its specific 
area at 1 dyne/cm after aging at 25 dynes/cm. If such a film is recompressed 
to 45 dynes/cm for ten minutes the total decrease at 1 dyne/cm is raised to 
42%. It is now possible to obtain a fairly reproducible (F, a) loop between 
pressures of 1-45 dynes/cm. Further, the compressibility curve between 
1 and 25 dynes/cm, obtained after the 42% decrease in area, is the same, 
within the experimental accuracy, as the compressibility curve obtained 
after the initial 13% decrease in area. 

This additional decrease in specific area could apparently result from 
a further pressure solubility of film components (protein or otherwise). 
The following experiments have shown, however, that this is not the cause 
of these area changes produced by high pressures. An insulin film is compres- 
‘sed to 25 dynes/cm and, by adjustment of the area, is maintained at constant 
pressure for ten minutes. During the ten-minute period the substrate beneath 
the monolayer is agitated by a nickel or glass submerged barrier which is 
introduced beneath the monolayer from the opposite side of the film bal- 
ance, suitable precautions being taken to prevent contaminants from building 
up a pressure on this side of the balance barrier. The major portion of the 
monolayer is then moved, while kept under 25 dynes/cm pressure by spaced 
confining barriers, to another portion of the trough which has been made 
very shallow (1 mm deep) and which contains several submerged barriers 
just beneath the surface. The monolayer is compressed to an area which would 
correspond to 40 to 45 dynes/cm. After several minutes, the monolayer is 
removed and indicator oil is applied to the freshly exposed surface of the 
substrate to detect the presence of spreadable substances. Such tests have 
shown mere traces of short-chain products that were apparently forced out 
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between 25 and 30 dynes/cm. There was no observable correlation between 
these traces and the permanent decreases in area caused by the high pres- 
sures. We conclude that practically all the pressure-soluble components of 
the insulin monolayer are driven out of the film by pressures of 25 to 30 
dynes/cm, and that the partial collapse of the film at still higher pressures 
is not caused by the presence of such substances. 

The permanent decreases in area in an insulin monolayer at 1 dyne/cm 
produced by ten minutes of exposure to each of a series of increasing pressures 
are given in Fig. 4. The loss in area increases exponentially up to 25 
dynes/cm, the total decrease then being 12% in close agreement with column 
2, Table I. Compression to 30 dynes/cm increases the loss to only 14%, 
which is far less than would be given by an extrapolation of the lower portion 
of the curve. Above 30 dynes/cm there is again an exponential type of curve. 


0 10 20 30 40 
F, dynes/cm. 


Fic. 4. Total permanent decreases in area after 
succesive exposures to a series of increasing pressures. 


The break in the curve near 25 dynes/cm is probably related to the fact 
that below this pressure the loss in area results from pressure-solubility, 
while above this point is due to collapse. 

Permanent decreases in area of protein films have generally been as- 
sociated with collapse of the monolayer even at relatively low F values. 
Thus Mitchell® finds ‘‘collapse point” at F = 14 and at F = 10 for films 
of gliadin and insulin and records no points on the (F, a) curves at pres- 
sures above these limits. If our experiments with insulin can be taken to 
be typical, however, a distinction should be drawn between the effects that 
occur below and above 30 dynes/cm. The term collapse should be restricted 
to permanent decreases in area produced by pressure which are not caused 
by the loss of pressure-soluble components from the film. 

III. Reproducible (F, a) Loops Given by Well Aged Films.—There are 
several factors that may interfere with the reproducibility of the (F, a) loops, 
DECD, mentioned in our discussion of Fig. 2. 
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(1) Contamination of the water surface by dust or by surface-active: 
substances from the edges of the tray or barriers may cause increases in 
area. Blank runs with no protein film on the surface can be used to detect. 
such impurities. These contaminations usually collapse under low pressure, 
and therefore do not affect the force-area curves at higher values of F. At 
low values they may cause a gradual increase of area. In our experiments the 
tray was kept covered by a glass plate to decrease dust contamination. 

(2) Unspread protein molecules or pressure-soluble components driven 
into the substrate diffuse slowly back to the surface but penetrate the protein 
monolayer only at low values of F. After compression and re-expansion of 
a monolayer the area may at first return to its original value and then undergo 
a slow increase. These effects are more often observed with impure proteins 
and with those spread on substrates whose pH is not close to the isoelectric 
point. Difficulties from these sources may be avoided by repeatedly pass- 
ing the compressed monolayer over submerged barriers (see B in Fig. 3), 
so as to scrub off the underlying water sheath and then bringing the film over 
a clean substrate. 

(3) With some proteins that give monolayers of high viscosity or rigidity, 
such as egg albumin or urease, a certain proportion of unspread molecules 
may be entrapped in the monolayer. If the film is compressed to 10 dynes/cm 
or more soon after spreading, these entrapped molecules are prevented from 
spreading; but when the pressure is reduced to 1 dyne/cm, the film slowly 
expands to an area greater than that observed at the same pressure before 
compression. Such effects can be distinguished from those given by soluble 
spreadable substances in the substrate, since they are not eliminated by 
passing the compressed film over scrubbing barriers.- 

(4) Insufficient aging may cause the monolayer to decrease gradually in 
area in successive (F, t) cycles, especially if the pressure is raised close to or 
higher than that used in the aging. 

(5) If the pressures used during the (F, t) cycles are too high, over 30 
dynes/cm, there may be partial collapse with consequent decreases in area. 

The shape of an (F, a) loop (except in the case of reversible loops at 
low values of F) depends upon the particular (F, t) cycle used and can there- 
fore only be reproduced if the successive cycles are identical. When a change 
is made in the (F, 2) cycle, even with a well-aged monolayer, it is often 
found that the new (F, a) loop becomes reproducible only after the new 
(F, t) cycle has been repeated a few times. The monolayer, like many elastic- 
fluid substances, seems to have a memory that may last through more than 
one cycle. 

Fig. 5 illustrates the changes that occur in the (F, a) curves obtained 
with a monolayer of wheat gliadin spread on water buffered at pH 7.2 by 
4x10 M potassium bicarbonate. The gliadin was kindly given to us by R. A. 
Gortner; it was applied to the surface as 0.1% solution in 65% alcohol. No 
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‘attempt was made to measure the areas in m*/mg; the abscissas in Fig. 5 are 
the distances in cm between the movable barrier and the surface balance. 
They are therefore proportional to the areas of the monolayer. 

The point A represents the area when the film is first compressed to 
.2 dynes/cm, and the curve AB’ shows the changes in area as the pressure is 
raised in successive one-minute intervals up to 23 dynes/cm. The small circles 
are used to denote points where no appreciable changes in area occur during 
the one-minute interval. At 17, 20, and 23 dynes/cm, as shown in the 
figure, there are appreciable decreases in area during the one-minute interval, 


(0,1) curve ot BC 





5 10 20 30 40 
Area, cm. 


Fic. 5. Successive (F, a) curves and one (a, #) curve 
for wheat gliadin. 


After the one minute at 23 dynes/cm, the pressure is lowered in steps, giving 
the curve whose beginning is indicated by the dotted line below C’. The lower 
part of the curve approaches very closely the curve AB’. 

In order to age the film the pressure is then raised quickly to 25 dynes/cm, 
giving the point B, and the pressure is maintained constant for ten minutes. 
The changes in area during the first three minutes are indicated by small 
marks on the line BC. The (a, ¢#) curve during this ten-minute interval at 
BC is given in the upper righthand part of Fig. 5. 

After this aging treatment, the pressure is decreased in steps of 5 dynes/cm, 
as indicated by the broken curve CD, being kept constant at each of these 
points during a one-minute period. At F = 20 there is no appreciable expan- 
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sion during the one minute but at the lower pressures very considerable 
expansions occur. 

The film was then compressed and expanded several times by successive 
identical (F, t) cycles in which F was raised at one-minute intervals in 
5-dyne/cm steps from 2 to 20. After ten minutes F was lowered in similar 
steps to 2 dynes/cm. After the first two cycles, the (F, a) loop became 
completely reproducible (within 0.1 cm), giving the loop represented by the 
dashed line which begins at D’ and extends upward to F = 20. During 
the ten-minute interval at F = 20, the area changed from 10.6 to 9.8 cm and 








Fic. 6. Successive (F, a) and (a, t) curves for insulin. 


then decreased, as given by the dashed line. At 15 dynes/cm and below, 
however, there were no measurable differences between the areas observed 
with rising and falling pressures, nor were there any detectable changes 
during the one-minute intervals. Thus below 15 dynes/cm the (F, a) curve 
was not only reproducible but also reversible. 

Similar experiments with insulin monolayers gave the results summarized 
in Fig. 6. The monolayer was spread on distilled water at pH 5.8 from a 0.3% 
aqueous solution of insulin hydrochloride. The (F, a) Loops I, II, and III 
were made with (F, t) cycles, in which the film was compressed in a se ries 
of steps, holding the pressure constant at each step for a two-minute in- 
terval, except that at the highest pressure used, in Loops I and II, the 
interval was ten minutes, The points marked by circles are those in w hich 
there is no appreciable change in area during the two minutes. Where chan ges 
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did occur, these are indicated by horizontal heavy lines with vertical marks 
giving the areas at successive minute intervals. In some cases, such as at 
F = 15 and 25, in the right-hand part of Loop I, where only one such mark 
is shown, the change was practically complete within the first minute. In 
order to prevent overlapping of the curves, three separate scales are used 
for the abscissas, which represent distances between barriers in cm, 

The insulin film was compressed by a force of 1 dyne/cm within one minute 
after spreading and gave an initial area of 28.2, During the next minute 
this reading increased to 29.2 but remained constant during the next two 
minutes, indicating that the spreading of the protein was nearly complete. 
The (a, t) curve (I) inserted in the upper right corner of Fig. 6 gives the 
changes in area during the ten-minute interval at 30 dynes/cm. Upon lower- 
ing the pressure to 25 dynes/cm, only a slight expansion occurred, and the 
area did not change with time. However, at 15 and particularly at 10 dynes/cm 
there was a rapid and progressive expansion, At the end of the cycle the 
area at 1 dyne/cm reached 27.0 within one minute and remained constant 
during the next minute. This permanent decrease in area from 29.2 to 27.0, 
as we have previously seen, is associated with pressure-soluble components, 
The (F, t) cycle of Loop I also served to age the film. 

In Loop II the force was raised to only 25 dynes/cm. The (a, #) curve 
(II) obtained during ten minutes at this pressure is given in the insert. When 
the pressure was lowered to 2 and to 1 dyne/cm, the area returned to the same 
values that were observed during the compression. 

In Loop III the (F, t) cycle was like that of Loop II, except that the 
pressure was maintained at 25 dynes/cm for only two minutes instead of 
ten minutes, a change which greatly altered the shape of the (F, a) loop. 
Further repetitions of this cycle gave loops which were identical with Loop 
III, even after the monolayer was allowed to remain on the surface under 
a protecting glass cover for eighty minutes at F= 1. 

The dashed curves in Fig. 6, which connect the points giving the areas 
after two-minute intervals, are smooth curves comparable to those of Fig. 2. 
In Loop III the flat part of the dashed curve at the highest pressure degene- 
rates to a point because the film was held only two minutes at this pressure. 

Fig. 7 gives comparative data with four proteins obtained before the 
desirability for a definite and thorough aging treatment was recognized, Pre- 
ceding each of these runs the pressure had been raised in about 12 steps 
up to 30 dynes/em and back in an equal number of steps to 1 dyne/cm, 
holding the pressure constant for a one-minute interval at each pressure. 
This presumably gave only a rough approximation to complete aging. The 
curves of Fig. 7, which have three different scales of abscissas, represent 
points taken at the end of successive one-minute periods, They thus correspond 
to the dashed Curve III in Fig. 6. The loops of the aged films of all these. 
proteins are seen to be reproducible, since they give closed loops. In some 
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cases they were repeated several times without appreciable change. The 
shape of each loop is highly characteristic of the protein. 

Fig. 8 gives the compressibility curves, (F, a/a,), for five proteins. 
Since the abscissas represent the ratios between the areas, a, at given values 
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Fic. 7. Reproducible (F, a) loops for well-aged monolayers of 
several] proteins. 








a/a, 
Fic. 8. Compressibility curves for five proteins. 


of F and the area, a,, at 1 dyne/cm, all the curves coincide at this pressure. 
By this method of plotting the data the characteristic differences between 
the proteins are not masked by difficulties arising from possible incompleteness 
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of spreading. Each of these five curves was obtained by using a series of 
rising pressures, the pressure being held constant for one minute at each 
point. 

Fig. 9, which extends to low values of a/a,, contains data obtained by 
V.J. Schaefer giving the compressibilities of well aged monolayers for three 
additional proteins: zein, edestin and gelatin (Knox). These proteins were 
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Fic. 9. Compressibility curves for seven proteins. The dashed 
curve represents the area of the wheat gliadin film after 20% 
of ammonium sulfate was introduced into the substrate. 


chosen because their amino-acid compositions have been determined." The 
curves for other proteins, from the same source as the data of Fig. 8, are 
included for comparison, 

Analysis. of (F, a) Curves, Duplex-Film Theory.—The spreading of a water- 
soluble protein to give an insoluble monolayer depends on the presence of 
hydrophobic side chains in some of the amino acids of the protein.”? In 
aqueous solutions of the globular proteins these hydrophobic groups must 
be inaccessible, probably being enclosed within cage-like protein molecules 
having hydrophilic surfaces: a structure like that of the micelles in solutions 
of soap and other detergents in which hydrocarbon chains are packed into 
the interior of spherical micelles whose surfaces contain all the polar groups. 

The spreading of the protein on water involves the tearing open or un- 
folding of the highly organized and symmetrical!* molecule to give a film 
consisting of long and probably closed polypeptide chains, At intervals along 
the length of these chains there are hydrophobic groups which anchor!* 
the chains at these points to the air-water interface, leaving the intervening 





11 The Chemistry of the Amino Acids and Proteins, edited by Carl L. A. Schmidt, 1938, 
Table IV, Chapter 5, by H. O. Calvery, p. 217. 

42 T, Langmuir, Proc. Roy. Soc. (London) A170, 1 (1939). 

13, Langmuir, Proc. Phys. Soc., London 51, 592 (1939). 

1 J, Langmuir, Science 87, 493 (1938). 


13 Langmuir Memorial Volume VII 
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sections of the chains, which are predominatingly hydrophilic, free to form 
loose folds in the water, 

Although the hydrophobic groups are thus interconnected through the 
chains, thermal ‘agitation should tend to cause them to spread as a two- 
dimensional gas over the surface as far as the chains will permit. However, 
this tendency must be in part constrained by the elastic properties of the 
long chains that result from thermal agitation.5 It has been proposed®’ that 
protein monolayers have a structure resembling the duplex films'*+ of myristic 
acid on acidified water (pH 2). These duplex films of fatty acids consist of 
a thin three-dimensional hydrocarbon liquid phase or interstratum bounded 
by two interfaces, The upper interface is that between a hydrocarhon surface 
and air, while the lower interface is one between a hydrocarbon liquid and 
water in which there exists a spreading force, because the hydrophilic 
groups act as molecules of a two-dimensional gas, 

This duplex-film theory leads to the following equation of state for 
expanded films 


(F—Fy)(a—4) = kT (1) 
where F, is the spreading force of the hydrocarbon film without the hydro- 
philic groups (F, = —11 dynes/cm for myristic acid), @ is the area of the 


film per molecule and a, is a correction for the finite size of the hydrophilic 
heads, 

The fact that the experimentally determined (F, a) curves of expanded 
films of fatty acids give hyperbolas which agree with Eq. (1) indicates that 
each hydrophilic group acts as a single molecule of a two-dimensional gas 
at the lower interface of the duplex film, Since in the experiments one mea sures 
the areas of the film per gram of substance placed upon the surface, the 
application of Eq. (1) provides a means for determining molecular weights. 

The lower portions of the curves for gelatin, gliadin, and edestin in Fig. 9 
resemble typical curves for expanded films. Plotting F as a function of a,/a 
(the reciprocal of the abscissa in Fig. 9), one obtains straight lines for values 
of F below certain limits. The curves are thus accurately represented by the 
following hyperbolas 


For gelatin: (F+2.3)(a/a,) = 3.3 up to F=5 (2) 
For gliadin: (F+5.4)(a/a,) = 6.4 up to F = 15 (3) 
For edestin: (F+16.1)(a/a,) = 17.1 up to F = 10 (4) 


These equations are of the same form as Eq. (1) if a) =0 in Eq. (1) 
and if Fy takes the values —2,3, —5.4, and —16.1 for gelatin, gliadin, and, 
edestin, respectively. 

With these values of Fy in Eq. (1), putting a, =0, F=1, and T= 
293°K, we obtain for a, (the area per active group at the interface when 


18H. Mark, Nature 141, 670 (1938). 
16 T, Langmuir, ¥. Chem. Phys. 1, 756 (1933). 


Google 


Pressure-soluble and Displaceable Components of Monolayers of Proteins 195 


the film is under a pressure of 1 dyne/cm) the values 121 A? for gelatin, 
63 A? for gliadin, and 23 A? for edestin. 

The specific area of a gliadin monolayer at F = 1 has been found to be 
1.1 m?/mg. The average molecular weight per amino acid residue is 120, Thus 
the film area per residue at F=1 is 22 A®. For proteins such as egg 
albumin and pepsin, which have specific areas of about 0.7 m?/mg at F = 1, 
the area per residue should be about 14 A?, These areas are much less than 
the areas per active group that we calculated from Eq. (1) in the last 
paragraph, 

In the case of gliadin the observed compressibility of the film up to 15 
dynes/cm could be accounted for by assuming that only 35% (i.e., 22/63) 
of the residues act as active two-dimensional gas molecules at an interface 
of a duplex film, and that there is a constraining force of 5.4 dynes/cm that 
opposes the free expansion of these active groups. This proportion (0.35) 
of actively spreading groups agrees well with the fraction of the amino 
acids that contain strongly hydrophobic side chains (compare with the ratio 
C,/C, = 0.356 for gliadin from the data of Table II). This agreement, 
if significant, would support our thesis that the hydrophobic groups cause 
the spreading. 

With gelatin the fraction of active residues would be less than 0.2, but 
with edestin nearly all the residues would need to be active if the compres- 
sibility curve is to be in accord with Eq. (1). Although gelatin does have 
a smaller (0.26) and edestin a greater (0.41) proportion of hydrophobic residues, 
it is evident that the quantitative agreement fails. For the other proteins 
the (F, a) curves do not even approximately fit Eq. (1). 

In the duplex film theory of expanded monolayers of fatty acids Fy is 
taken to be constant (i.e., independent of a), but with protein films, where 
F, is a measure of the constraints due to the elastic properties of the long 
chains, it is rather to be expected that F, should vary with a. Thus Eq. 
(1) would no longer represent a hyperbola and would be of little practical 
use in analyzing the properties of protein monolayers. 

There is another difficulty in applying the duplex film theory to proteins. 
With the fatty acid monolayers the number of actively spreading groups 
(carboxyl radicals) remains constant while a changes. The area per molecule 
is always greater than 20.4 A, the area in condensed films. With the protein 
films, however, the area per residue at 1 dyne/cm ranges from 14 to 22 A? 
and may decrease to very low values such as 2 A? at F = 20 dynes/cm. 
Since in these compressed protein films there is not room enough for all the 
hydrophobic side chains in the surface, we are led to a modified duplex 
film theory. The side chains that are least strongly hydrophobic are forced 
into an underlying layer or underfilm, although they are still attached by the 
polypeptide chains to the more strongly hydrophobic groups that remain in 
the surface layer. ‘ : 
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A pressure-displacement of an active component from one part of a duplex 
film to another was studied by Blodgett in 1934. Drops of Petrolatum to 
which various proportions of stearic acid had been added (10 to 10-* parts 
by weight) were placed on acidified water (0.01 N HCl). With concentrations 
of stearic acid above a definite limit of 0.31%, the oil spread to form very 
thin duplex films showing iridescent colors. A quantitative analysis of the 
(F, a, T) curves of these duplex films proved??4® that a part of the stearic 
acid remained in solution in the hydrocarbon interstratum while the remainder 
formed an adsorbed film at the lower interface (hydrocarbon-water). This 
adsorbed film acted as a 2-dimensional gas or liquid (depending on F and 
T) and gave the variation in F that was observed. However, as the area 
of the film was decreased by applying external surface pressure, an increasing 
proportion of the stearic acid was displaced from the lower interface into 
the interstratum. Based upon this displacement theory equations were derived 
which expressed accurately the (F, a, T) relations and showed how they depend 
on the proportions of stearic acid present in the original mixture. 

Schulman and Rideal!® have also observed a case of pressure displacement 
in their studies of mixed films of gliadin and cholesterol. As the pressure 
was increased the protein was displaced from the overfilm into an underfilm, 
while the cholesterol remained in the overfilm. 

Pressure-displacement Theory of (F, a) Curves.—The large compressibility 
of protein monolayers must in large part be due to the progressive squeezing 
out or displacement of hydrophobic side chains from the overfilm into the 
underfilm. The groups in the overfilm, because of their close packing at higher 
pressures, exert forces on one another and so account for most of the spreading 
force F, When, however, they are forced into the underfilm, they are no 
longer crowded and therefore contribute little to F. Hydrophobic groups 
in a water environment tend to adhere to each other just as droplets of pure 
hydrocarbon liquids in water coalesce to form larger drops. In this way, hydro- 
phobic groups in the underfilm may give weak links between folds of polypeptide 
chains and so produce the high viscosity or even rigidity often observed in 
compressed protein films, Other linkages between side chains of polar type 
may contribute to this viscosity, but in presence of an excess of water such 
forces should generally play a subordinate role, 

It appears from the data of Figs. 5 to 7 that the time changes in the (F, 
a) curves of well-aged films, observed at higher pressures, are due neither 
to soluble components nor to collapse, since the losses in area during com- 
pression are regained when the pressure is sufficiently lowered. It will be 
noted, for example, in Loop I, of Fig. 6, that above 15 dynes/cm rapid 
increases or decreases in pressure give relatively small changes in area, The 


17 I, Langmuir, ¥. Franklin Inst. 218, 164-167 (1934). 
18 J, Langmuir, Gen. Elect. Rev. 38, 402 (1935). 
19 J.H. Schulman and E. K. Rideal, Proc. Roy. Soc. (London) B122, 46 (1937). 
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monolayers are thus essentially very incompressible. The large changes in 
area with time at the upper part of the up-curve and the middle part of 
the down-curve are not due to the compressibility of the films as such, but 
result from gradual changes in structure. 

According to the displacement theory the forcing out of hydrophobic groups 
from the overfilm requires folding the polypeptide chains into new configura- 
tions, This should generally involve the overcoming of an energy barrier. 
If this activation energy is large enough, the changes in area at any given 
temperature take place slowly. By measuring the temperature coefficient of 
the rate of change it is possible to determine the activation energy. 

The displacement of any given group from the overfilm to the underfilm 
naturally occurs more rapidly at high than at low surface pressures, However, 
as the pressure on the film is raised, a series of other groups, increasingly 
hydrophobic, become displaceable by the pressure. A high pressure thus 
produces an initial rapid change in area followed by very slow changes, 
The time needed to approach a final state may therefore be greater at higher 
than at lower pressures, 

After the film has been subjected to a high pressure, such as 30 dynes/cm, 
by which a large proportion of the hydrophobic groups have been displaced 
into the underfilm, the remaining groups are so tightly packed in the over- 
film that the displaced groups cannot return immediately to the overfilm 
when the pressure is decreased to, say, 20 dynes/cm. If, however, the pressure 
is brought to a still lower value such as 5 dynes/cm or less, there is no 
effective force that prevents the return of these groups to the overfilm and 
therefore rapid expansion occurs. 

On the basis of this theory, the (F, a) curves and the (a, t) curves acquire 
new significance. The changes with time are dependent on the presence of 
certain displaceable components in the monolayer. The magnitude of the change 
in area serves as a measure of the amount of such displaceable material, while 
the value of F which produces these changes depends upon the relative 
sizes of the hydrophobic groups, The large hydrophobic side chain of the 
leucine residue thus requires a high pressure to displace it; but shorter hydro- 
phobic chains can be displaced at much lower pressures, 

A summary of the amino-acid compositions of the proteins whose compres- 
sibility curves are shown in Fig. 9 is given in Table II, which was prepared 
from the data given in a table in Schmidt’s book." The 20 amino acids which 
are listed there as constituents of these proteins we divide into three classes, 
as_ follows: 

Class 1, glycine, alanine, glutamic acid, B-hydroxyglutamic acid, aspartic 
acid, hydroxyproline, serine, histidine. 

Class 2, hydroxyvaline, crystine, arginine. 

Class 3, valine, leucine, isoleucine, phenylalanine, tyrosine, tryptophan, 
proline, methionine, lysine. 
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The acids of Class 1 are those with side chains having a hydrophobicity 
not exceeding that of one CH, group. We assume that a hydrophilic group, 
such as -OH, -NH, or -COOH, neutralizes the effect of a neighboring CH, 
or CH;. A phenyl group was taken as the equivalent of three CH,’s. The 
acids of Class 2 and Class 3 contain side chains equivalent, respectively, to 
2 and to 3 or more CH, groups, 


Taye II 


The Relation between the Compositions of Proteins and the Compressibilities 
of their Monolayers 














Line Gelatin | Gliadin | Edestin | Zein Ege | Insulin 
| | albumin 
Amino-acid Content (% 
ClasI Cy... 1 58.9 50.4 39.3 47.2 25.1 29.0 
Class II Cy... 2 8.4 2.8 16.5 41 6.5 15.0 
Class WIC, ... 3 23.9 29.4 39.4 51.9 39.0 44.0 
Total Cr 4 91.2 82.7 95.5 103.2 ~ 70.6 88.0 
Relative Areas 
At F= 3, a;/a, 5 0.62 0.76 0.89 0.85 0.91 0.93 
At F= 25, a;,/a, 6 0.06 0.14 0.31 0.34 0.50 | 0.58 
Ratios of Acid Contents 
(CiCr)ovsa. . 7 0.65 0.61 0.41 0.46 0.36 0.33 
(Cy/Cr)catca. + + + 8 (0.845), 0.611 0.394 0.460 0.360 0.327 
(Cs/Cy)ovsa. 9 0.41 0.58 1.00 1.10 1.55 1.52 
(CalCi)catca. » + + | 10 0.40 0.57 0.99 1.07 1.45 1.63 

















@ (C,/Cr)catca. and (C3/C,)catca- are calculated from the corresponding values of a;/a 
and a,;/a, by Eqs. (5) and (6). 

The first three lines of Table II give C,, C,, and C;, the amino-acid 
contents of the proteins included within each of these three classes, The 
fourth line contains C,, the total of the acids reported in the analysis, i.e., 
C,+C,+C;. Since the proteins are built up of residues derived by elimination 
of water from the corresponding amino acids, the value of C, for a complete 
analysis should be about 115%. The analyses given in the table are thus 
far from complete. 

The acid residues of Class 1, which are the least strongly hydrophobic. 
should be squeezed out of the overfilm at relatively low pressures, Therefore 
by the pressure-displacement theory we should expect a correlation between 
the compressibility of the film at low values of F, and C,,.the ¢ontent 
of Class 1 acids, However, in view of the incomplete nature of the analyses, 
the ratio C,/C, should be a more reasonable measure of the Class 1 acids. 
This corresponds to the assumption.that the undetermined acids are distributed 
among the.threé classes in proportion to the amounts already found in these 
classes, 
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As a measure of the compressibility at low values of F we have selected 
the ratio a,;/a, obtained from the curves of Fig. 9. These ratios are recorded 
in Line 5 of Table II. A comparison of the ratios C,/C, in Line 7 with 
the corresponding values of a;/a, in Line 5 gives a correlation coefficient of 
—0.949. However, if the data for gelatin are omitted, the correlation coefficient 
becomes —0.997. The linear relation thus revealed corresponds to the equation 


C,/C, = 1.88—1.67a;/a, (5) 


The eighth line in the table contains values of C,/C, calculated by Eq. 
(5) from a;/a, in Line 5. The very close agreement between the observed 
and calculated values in Lines 7 and 8 proves that the compressibilities of 
these proteins (except gelatin) are intimately related to their content of 
Class 1 acids, 

The specific areas of films subjected to high pressures, such as 25 dynes/cm 
should serve as a measure of the more strongly hydrophobic residues, which 
correspond to the Class 3 acids. However, our experiments have not given 
the specific areas, but only the compressibilities, which should depend 
upon the ratio between the Class 3 and the Class 1 acids, A comparison 
of C,/C,, in Line 9, with the values of a,,/a, in Line 6, gives a correlation 
coefficient of +0.988. The relationship can also be expressed by 


Ca/C, = 0.26-+2.37 55/0, 6) 


The tenth line contains values of C;/C, calculated by this equation from the 
data of Line 6. 

Changes in (F, a) and (a, t) Curves with Temperature,—The pressure-displace- 
ment theory suggests that large changes in force-area curves should occur 
if observations are taken at different temperatures, A measurement of the 
temperature coefficient of the rate of change in area should permit the 
calculation of the activation energy associated with the structural changes 
in the film. 

Figure 10-A gives (F, a) curves of a single well-aged insulin monolayer 
at two different temperatures. The abscissas which represent the distances 
between the barriers in cm serve as a measure of the areas, The area at F = 1 
was the same at both temperatures. 

The magnitude in the changes in area is much greater at the higher tempe- 
rature, yet at the lower pressures at each temperature the area returns to the 
original value. Figure 10-B gives the (a, t) curves for a well-aged insulin 
monolayer at three temperatures with the film at a pressure of 25 dynes/cm 
after having allowed it to expand to an area of 30.4 by lowering the pressure 
to 2 dynes/cm. The measurements at the three different temperatures were 
all made with the same film. 

An analysis of these curves shows that when (a—5.4) is plotted on double 
logarithmic paper against (¢+0.5), straight lines are obtained. Here a represents 
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the ordinates of Fig. 10-B which measure the areas and ¢ is the time in 
minutes, These results indicate that the rate of change, da/dt, varies in 
proportion to (a—a,.)", where n= 7,8 at 4°, 3.8 at 24°, and 2.5 at 42°. 
According to this analysis the limiting value, a, = 5.4, should be reached 
at all temperatures, but the time required to approach the final value would 
be extremely long at the lowest temperatures. A rough estimate of the activation 
energy from these data gives a value of 10 kcal when a = 13, and 20 kcal 
at a = 10. Thus the activation energy is relatively low for those components 
of the film which are most easily displaced but becomes high for the more 
hydrophobic components which are driven out more slowly at higher pressures. 





Areas, cm. Minutes. 
Fic. 10. The effect of temperature on the (F, a) and (a, t) curves for insulin. 


A more detailed analysis of (F, a) curves and their dependence on tem- 
perature should reveal effects which depend upon the sequence of the 
amino-acid residues in the polypeptide chains, A film that is compressed to 
one-quarter its original area must increase correspondingly in thickness, so 
that folds of polypeptide chains of at least 60 A in length must occur. 
Particularly at high pressures we should find that several small hydrophobic 
groups in adjacent positions along the chain produce effects equivalent to 
a single large group, but at lower pressures the sequence of the amino acids 
would play a minor role, 


Pressure-Soluble and Pressure-Displaceable Components in Monolayers 
from Degradation Products of Proteins 


From evidence summarized in Table I we have seen that the amount 
of pressure-soluble components in protein monolayers can be determined 
by measuring the permanent decreases in area produced by initial (F, #) 
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cycles up to 30 dynes/cm. This method should provide a means for studying 
the nature of the changes that are produced in proteins by denaturation 
or by the action of proteolytic enzymes. To test its applicabilty we have 
made experiments with films produced by spreading solutions of insulin 
and egg albumin which have been partially digested by pepsin or denatured 
by heat. 

Digestion of Insulin.—A 2% solution of insulin hydrochloride (Lilly) in 
distilled water was prepared and found to have a pH of 2.6, A 2-ml volume 
of this solution was seeded with 0.02 mg of crystalline pepsin (Northrop) 
and allowed to digest at 38°, At successive intervals aliquot portions were 
withdrawn, diluted with distilled water to give a protein concentration of 
0.33% and spread by the band-plate method, Measurements were made of: 
(1) the initial specific area at 1 dyne/cm, (2) the decrease in area at 1 dyne/cm 
after successive compressions to a series of increasing pressures, and (3) the 
compressibility curve (F, a/a,) of the monolayer remaining after the compres- 
sion to 25 dynes/cm. The results are summarized in Table III. 

Undigested insulin, spread as a monolayer, gave a specific area of 0.57 m?/mg 
at 1 dyne/cm as shown in the next to the last line and second column of 
the table. 

Taste III 
Permanent Decreases in Area of Films of Partly Digested Insulin, Produced 
by Exposure to a Series of Increasing Pressures 














F, Time of digestion in hours 
dynes/cm o | a | 382 
5 0.7% 2.6% 15% 
10 1.1 10 41 
15 4.8 30 70 
20 10 4 85 
25 13 52 95 
Init. sp. area m*/mg........ 0.57 0.31 0.17 
Decr. (sol., prods.), % ...... 0 46 70 





This film was then subjected to a pressure of 5 dynes/cm for ten minutes 
and, after the pressure had been brought back to 1 dyne/cm, the area was 
found to be 0.7% less than before the compression, In a similar way the 
film was exposed for successive ten-minute periods to a series of increasing 
pressures: 10, 15, 20, and 25 dynes/cm, The total decrease in area at 
1 dyne/cm observed after each of these compressions is given in the second 
column, expressed as a percentage of the initial area at 1 dyne/cm. 

A portion of the insulin solution withdrawn after twenty-one hours of 
digestion gave a specific area of 0.31 m?/mg at 1 dyne/cm. This is 46% 
less than the value for the undigested protein, This decrease (last line of 
Table III) measures the fraction of the protein that was converted into 
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soluble substances or into substances which do not spread on water against 
a pressure of 1 dyne/cm. 

This film when subjected for periods of ten minutes at each of a series 
of increasing pressures showed relatively large changes in area, indicating 
that the digestion had produced a large increase in the amount of pressure- 
soluble components. The data in column 3 give these total decreases in area 
at 1 dyne/cm, expressed as percentages of the initial area of this film. Similar 
data for the film obtained after fifty-two hours of digestion in the last column 
of the table indicate that 70% of the protein had been made unspreadable 
at 1 dyne/cm, and that there was a further increase in the amounts of pressure- 
soluble substance. 

The effect of digestion of insulin is thus not merely to produce substances 
of such low molecular weights that they do not spread, but it changes the 
character of higher molecular weight substances within the monolayer. For 
example, the loss in area at 10 dynes/cm increases fourfold when the time of 
digestion is raised from twenty-one to fifty-two hours; but at 25 dynes/cm 
the increase is less than two-fold. 

A better idea of the distribution of the pressure-soluble components can 
be had from Table IV, which gives the successive increments in the per- 
manent changes of area expressed as percentages of the initial area of the 
undigested protein. For example, according to Table III, the film from 
the solution which had been digested for twenty-one hours gave a 44% decrease 
in area at 20 dynes/cm, while at 15 dynes/cm the decrease was 30%. The 
increment in the amount of the pressure-soluble substances which were forced 
into solution by raising the pressure from 15 to 20 dynes/cm was thus 
14% of the initial area of this film, which in turn was only 54% (i.e., 0.31/0.57) 
of the area of the undigested protein, Thus the increment of the actual amount 
of the pressure-soluble substance represents 7.6% of the film obtained from 
the undigested protein, This figure is given in the third column of Table IV. 


Taste IV 


A Comparison of the amounts of Soluble and Pressure-Soluble Components 
of Partly Digested Insulin that are Driven into Solution by Exposure to Increasing 
Pressures 





Time of digestion in hours 





dynes/cm 





| 0 | 21 | 52 

1 j 0% | 46% ; 70% 

5 | 0.7 | 1.4 45 

10 0.4 | 4.0 17 

15 | 37 | 10.9 8.6 

20 5.2 16 | 45 

25 i 3.0 | 43 | 3.0 
Residue | 87.0 | 25.8 1.7 
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The first line of Table IV (for F = 1 dyne/cm) gives the amounts of soluble 
substances produced by digestion; i.e., substances which are driven into solution 
by the application of a pressure of 1 dyne/cm, The last line of the table which 
is marked ‘‘Residue” shows the total amounts of protein remaining in the 
film after exposure to 25 dynes/cm. These values represent the pressure- 
insoluble components, 

By plotting the data in the three columns of Table IV in terms of F as 
abscissa, it is seen that the maximum in the zero-hour curve occurs at F = 19, 
in the twenty-one-hour curve at F = 16, and in the fifty-two-hour curve 
at F = 13, The pressure-soluble substances produced by digestion thus 
become gradually more easily pressure soluble as the digestion proceeds. 
This suggests that digestion products are themselves digested so that a progres- 
sive decrease in molecular weight occurs, 

Tiselius and Eriksson-Quensel*® in recent studies of the digestion of egg 
albumin] by pepsin have concluded that the products of the digestion con- 
tain only unchanged large molecules and fully digested end-products of molec- 
ular weight 1080. ‘Our results show that the digestion of insulin gives a series 
of products of progressively decreasing molecular weight. 

The compressibility curve obtained with the well-aged ‘‘residue” from 
the twenty-one hours of digestion of insulin agreed closely with the com- 
pressibility curve of the undigested insulin. This suggests, although it does 
not prove, that the residue consists of unaltered insulin monolayer. 

Heat Denaturation of Insulin.—A 2% solution of insulin hydrochloride 
in distilled water, heated at 100° in a water-bath for thirty minutes, forms 
a birefringent thixotropic gel having a pH of 2.7. This, when cooled to room 
temperature, still flows for a time after shaking. A portion, diluted to 0.33% 
and spread, produces a film which gives the same specific area at 1 dyne/cm, 
the same compression loss after 25 dynes/cem, and the same compressibility 
curve as are obtained for unheated insulin. This indicates that heating has 
not broken the insulin molecule into lower molecular weight products similar 
to those obtained by pepsin digestion. The formation of the stable bire- 
fringent gel shows, however, that the insulin has been modified. to give 
anisodiametric micelles, Thus, after dilution of the 2% gel, to give a 0.7% 
protein solution, the static birefringence disappears but is replaced by strong 
birefringence of flow. A detailed investigation of the production of birefring- 
ence in insulin solutions is being planned. 

After four days of digestion with pepsin (0.01 mg/ml at 38°) this gel shows 
no loss of birefringence or thixotropic behavior. Four hours of digestion 
produced no change in specific area at 1 dyne/cm, or compression loss at 
25 dynes/cm, although other experiments with unheated insulin solutions 
showed marked decreases in area within this time. Our results therefore 


20 A. Tiselius and I. B. Eriksson-Quensel, Biochem. ¥. 33, 1752 (1939). 
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indicate that while unheated insulin solution in distilled water is easily broken 
down by pepsin a similar solution after heating to 100° is no longer digested. 
Glass electrode measurements show that 2% solutions of insulin hydrochloride 
in distilled water, heated or unheated, have almost the same pH of about 2.6, 

The stiff thixotropic gel formed by heating a 4% insulin hydrochloride 
solution was diluted with an equal volume of 0.1 N hydrochloric acid, pH 1. 
Half of this was seeded with pepsin, the other half was used as a control. 
After forty-eight hours at 38° the seeded tube showed only a trace of bire- 
fringence while the control showed the original strong birefringence. Thus 
at pH 1, but not at pH 2.6, the thixotropic insulin gel can be digested with 
pepsin. 

In another experiment half of a 2% insulin solution in 0.012 N hydro- 
chloric acid was seeded with pepsin, and this tube and the control tube were 
allowed to digest at 38° for twenty-eight hours, During this time no increase 
in viscosity in either tube was observed, although we had previously observed 
that digestion in distilled water solution (pH 2.6) gave an increasing viscosity 
which finally resulted in a thixotropic gel. After twenty-eight hours both 
tubes were heated at 100° for twenty minutes. The viscosity of the seeded 
solution remained low during and after the heating and no birefringence 
could be observed. In the control tube, in which pepsin was omitted, heating 
produced a birefringent thixotropic gel. Evidently, therefore, the insulin 
was digested by the pepsin so that it was no longer able to form a thixotropic 
gel on heating. 

Digestion of Egg Albumin.—A 0.33% solution of egg albumin in distilled 
water (pH 5.8) was almost unaffected by pepsin. Samples of 0.33% solution 
in hydrochloric acid at pH 2.0 gave the data in Table V. 


Taste V 
Digestion of Egg Albumin with Pepsin at pH 2.0 and 38° 








Digestion time Specific areas Compression loss after 

in hours at 1 dyne/cm 10 min at 25 dynes/cm, % 
0.0 0.63 4 
0.66 0.543 3 
2.0 0.48 10 
4.2 0.34 15 
6.5 0.23 20 
21.5 0.036 





Comparison with Table III shows that the composition of the films which 
spread from the partly digested egg albumin solutions contain only relatively 
small proportions of pressure-soluble components. Thus, with egg albumin 
4.2 hours of digestion lowers the specific area at 1 dyne/em by 46% (0.63 


Google 


Pressure-soluble and Displaceable Components of Monolayers of Proteins 205 


to 0.34) and causes a compression loss of 15%, while with insulin a 46% re- 
duction in specific area (after twenty-one hours of digestion) corresponds to 
a compression loss after 25 dynes/cm of 52%. These results with egg albumin 
are thus in reasonable accord with the observations of Tiselius and Eriksson- 
Quensel on the digestion of this protein.? 

Heat Denaturation of Pepsin.—The foregoing experiments on the pressure- 
soluble components of denatured proteins were made before we understood 
the relation between the (F, a) curves and the presence of pressure-displaceable 
substances, V. J. Schaefer has kindly made some measurements for us of 
(F, a, t) curves, like those shown in Fig. 6, using, however, monolayers from 
native and heat denatured pepsin. The results are summarized in Fig. 11. 
Because of the very large relative change in area, nearly six to one, it has 
been found desirable to use a logarithmic scale in plotting the abscissas, which 
represent the areas. This also has the advantage that the slopes of the curves 
are independent of the amount of protein spread. 





Dynes/cm 





0.15 0.2 0.3 04 0.6 1.0 
a. 


Fic. 11. The effect of heat denaturation at 65° on the (F, a, t) curves given 
by monolayers from crystalline pepsin. The abscissas are plotted on a logarithmic 
scale. 


Curve A is a reproducible (F, a) loop given by a well-aged film from 
crystalline pepsin (Lehn and Fink). The monolayer was spread upon distilled 
water, pH 5.8, by the band method, using a 0.1% pepsin solution in water 
acidified with hydrochloric acid to give pH 2. 

Another portion of the same 0.1% pepsin solution was denatured by, heating 
for ten minutes to 65°, This solution gave an expansion pattern of the circular 
type with a strong edge effect which had been found to be characteristic of 
heat denatured pepsin. The area of the expansion pattern at F = 0 produced 
from a given amount of denatured pepsin was considerably greater than that 
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obtained from the same amount of native pepsin, but the relative areas were 
in the reverse order if the films were compressed to about F = 1 dyne/cm. 
Thus denaturation produces a relatively large amount of substances so pressure 
soluble that they go into solution at less than 1 dyne/cm, leaving only relatively 
little of the components that can withstand a higher pressure. Curve B in 
Fig. 11 is the initial (F, a) curve given by the standard (F, t) cycle, using 
two-minute time intervals, The permanent decrease in area resulting from 
this cycle amounts to 51%, as compared to 2% for crystalline pepsin (Table I), 
showing that the heat denaturation produced a very large amount of pressure- 
soluble substances. 

A second (F, t) cycle with a maximum pressure of 23 dynes/cm produced 
the (F, a) curve marked C, in Fig. 11. There is a further decrease in area, 
giving a total decrease of 72% of the original area, Subsequent cycles showed 
a continuing progressive decrease in area, so that with this denatured protein 
it did not seem possible to obtain closed (F, a) loops. 

To study the effect of a more thorough pressure aging another film from 
the same solution of denatured protein was subjected to a pressure of 25 
dynes/cm for twelve minutes. During this time the fractional area decreased. 
according to the equation a/a, = 1.5/(t+6.7), the final area being only 0.08 
after t = 12 min. The results suggest that the film is not capable of standing 
pressure indefinitely. However, when the pressure was released, the area at 
1 dyne/cm increased within a few minutes to 0.32, perhaps because of diffusion 
of pressure-soluble substances back to the surface. 

The denaturation of pepsin by heat, which converts a large fraction of the 
protein into pressure-soluble substances, forms a striking contrast to the 
denaturation of insulin which upon heating gave no such products, although 
it did give them by digestion. The results suggest that the denaturation of 
the pepsin at 65° may have been due to self digestion. 

These preliminary studies of (F, a, t) data given by films of denatured 
proteins demonstrate the general usefulness of this technique as a means 
of investigating protein denaturation. 

Determination of Molecular Weights by Pressure-Solubility.—The data of 
Table II prove that pressure displaceability depends on the relative amounts 
of the various classes of amino acids. A measurement of this quantity thus 
serves to determine the average distribution of the residues along the poly- 
peptide chain; the length of the chain should not be important. On the other 
hand, with a polypeptide chain of a given character, the pressure solubility 
must depend mainly upon the length of the chain. 

A general theory of the effect of surface pressure in increasing the solubility 
of a monolayer was given in 1917.4 This theory was based upon the Gibbs 
equation 


dF/d Inc = okT (7) 
21 J, Langmuir, 7. Am. Chem. Soc. 39, 1883 (1917). 
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where o repreSents the number of molecules/sq. cm adsorbed at the air- 
water interface, and ¢ is the concentration of the underlying solution which is 
in equilibrium with the film. 

To calculate ¢ as a function of F, it is evidently necessary to have one 
more equation involving the three variables, F, c, and o. For this purpose, 
a hyperbolic adsorption isotherm based on an earlier empirical equation of 
Szyszkowski was chosen 

c = Ao/(s,—2) (8) 
where o, is the value of o for a close-packed film and A is a constant for 
a given substance. For very dilute solutions the ratio F/c approaches a limiting 
value which we may call (F/c)). This can be calculated from 4, the energy 
decrease involved in transferring a gram molecule of the substance from the 
solution to the interface. The relation can be written 


A = 1318 logy (F/c)o>—960 g cal/mole (9) 
where c is expressed in moles/liter. For aliphatic substances of known composi- 
tion it was shown that A can be calculated by 

A = 625(n+1)+54, (10) 
where n is the total number of carbon atoms per molecule, and A, represents 
the effect produced by each of the hydrophilic groups within the molecule, 


The -OH radical gives 44 = —800, while a—COOH radical gives 4, = —938*. 
By combining Eqs. (7) and (8) we obtain 


F =0,kT In (1+¢/A) (11) 
where A can be calculated by Eq. (8) or by 
A =a,kT/(F/c)o (12) 


To apply this theory to a long polypeptide chain, let us assume that 
the amino acid residues have an average molecular weight of 120. Thus, if 
the total molecular weight of a polypeptide chain is M, the number of residues 
is M/120. We may represent the repeating unit by —CO—CHR—NH—. 
If h is the effective number of carbon atoms in the side chains R, i.e., the 
hydrophobicity of the side chains, we can place for the whole polypeptide 
chain 

n = (2+h)M/120 (13) 
For the CO group 4, = —1080, and for NH A, = —690. Substituting these 
values in Eq. (10), we have 


2 = 625-+4(5.20 h—4,33) M (14) 


* The data for 4, given in 1y17 are not applicable directly to long-chain polymers. If, 
however, we subtract 1375 from the values of 4) in Table IV of the 1917 paper and make the 
modifications which are incorporated in Eqs. (7) and (10) given above we calculate values 
for (Flee that dre the same as those formerly obtained. But the equations are now in a form 
suitable for application to long-chain polymers. 
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From Schmidt’s tables of analyses of proteins," using our classification 
of the acids according to their hydrophobicity, we find that the values of k 
are: gliadin, 1.78; edestin, 2.01; zein, 2.30; egg albumin, 2.28; and insulin, 
2.51; the average is 2.18. Inserting this in Eq. (14) and combining with 
Eq. (9) we obtain 

logy (F/C)> = 1.202+-0.00533 M (15) 


To determine A by Eq. (12) we now need to know o,kT. We shall make the 

arbitrary and rough assumption that the films obtained by compressing poly- 

peptide chains on a water surface have a specific area of 0.5 m?/mg. From 
this we calculate (at 20°) 

o,kT = 4800/M (16) 

This can be substituted in Eq. (12) to get A and then F can be expressed 

as a function of ¢ by Eq. (11). In dealing with protein solutions it is con- 


Parts by weight 
3S 
. 


107" 





10-1 
0 10 20 30 


Fic. 12. The pressure solubilities of typical polypep- 
tides as functions of the surface pressure and the 
molecular weight, according to Eq. (25). 


venient to express concentrations in terms of w, parts by weight, instead 
of c, moles/liter, We therefore put 
c= 1000 w/M (17) 
and Eq. (11) then becomes 
logi [1+0.21w(F/c))] = FM/11,000 (18) 


Fig. 12 gives curves which represent this relation between w and f for 
a series of values of M. 

The technique we have used for detecting pressure solubility is applicable 
only for a comparatively narrow range of values of w. For example, the 
protein in a solution having a concentration of less than 10-? parts by 
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weight diffuses to the surface ‘so slowly that many hours are needed for 
the surface tension to reach an approximately constant value.** With solutions 
for which w = 10-* the limiting value is reached relatively quickly. When 
the pressure solubility of a film consisting of breakdown products of proteins 
becomes greater than about 10-, all of the substance goes quickly into solution, 
even without the application of pressure. On the other hand, with pressure 
solubilities of 10-® the total amount that could go into a solution 1 cm deep, 
even under equilibrium conditions, could only be a small fraction of the material 
in the film. Experiments with other materials which we shall describe below 
have indicated that pressure solubility which is observable within a few minutes 
must be of the order of magnitude of w = 10°, 

According to Fig. 12, polypeptide chains having the average composition 
of proteins should therefore show pressure solubility in the range of F = 5 
to 10 when the molecular weight is about 1200, while if pressure solubility 
is observed between F = 20 and 25 the molecular weight is about 1700. 

Many of the assumptions underlying the foregoing theory of pressure 
solubility are only rough approximations. For example, we have used the 
hyperbolic isotherm of Eq. (8). Recent theoretical studies of adsorption®® 
have suggested that for molecules which act as the two-dimensional analog 
of elastic spheres the equation of state should be 


F = 0,kT@(1+6)/(1—9) (19) 


where @ is the covering fraction o/o,. The corresponding adsorption isotherm 
is 
In (c/AO) = 26/(1—@)—2 In (1—) (20) 


If we should use this isotherm in place of that of Eq. (8), Eq. (18) would 
have to be modified by adding another term, giving (for F > 5) 


logio [1+0.21¢(F/c))] = FM/11,000 +2 log,, (FM/9600) (21) 


With values of w of the order of 10-* the effect of this modification is to 
raise the calculated molecular weights by only 10 or 15%. 

We have also neglected the fact that the pressure-soluble components 
compose only a part of the film. The true values of w, for given values of 
F and M, should thus be lower than those given by Eqs. (18) or (21). 
This effect should make the calculated values of M too large — a change in 
the opposite direction from that caused by the suggested adoption of the 
isotherm of Eq. (20). 

A complete theory of pressure solubility would evidently be complicated 
and would require far more knowledge of the structure and properties of 
protein monolayers than we now possess, However, it is improbable that such 


42 I. Langmuir and D. F. Waugh, ¥. Gen. Physiol. 21, 745 (1938). 
83 T, Langmuir, ¥. Chem. Soc. 511 (1940). 
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a theory would change the values of w by a factor of more than one or two 
powers of ten, and thus by Fig. 12 should not alter the calculated molecular 
weights by more than 300 to 500 units. 

The measurement of pressure solubility thus provides a method for the 
approximate determination of molecular weight, which becomes relatively 
more accurate for substances of high molecular weight, while most methods 
lose accuracy at high values of M. We may conclude that the pressure 
solubilities which we have observed with monolayers of native and denatured 
proteins are caused by products that have molecular weights in the range 
from 1000 to 2000. 

To test this method of estimating molecular weights and to improve its 
accuracy we need to make measurements of the pressure solubilities of sub- 
stances of known structure and molecular weight. We have made some pre- 
liminary experiments of this kind with monolayers of dioctyl sodium sulfosuc- 
cinate (Aerosol OT, 100%, made from 2-ethylhexanol by the American 
Cyanamid Company). 

Films were spread by applying a benzene solution from a micropipet to 
the surface of water. When subjected to a pressure of 15 dynes/cm, the area 
of the compressed film on pure water decreased about 30% per minute. In 
other experiments the trough was filled with a solution of 7.7 mg of Aerosol 
per liter (c = 17 x10-*M). The surface balance was placed near the middle 
of the tray, and the surface on both sides was then scraped clean, On one side 
of the surface balance the Aerosol which diffused to the surface was allowed 
to accumulate, while on the other side the surface was frequently scraped 
by a barrier so as to keep F = 0. In this way the gradually increasing pressure 
exerted by the accumulating film was measured. When the pressure had risen 
to about F = 5, the barrier was moved so as to produce and maintain any 
desired pressure F. To hold F constant required a progressive movement 
of the barrier, With F = 5 there was a steady increase in area of 4.2% per 
minute; at F = 7, +2.2% per minute; at F = 10, a decrease of 1.9%; and 
at F = 13, a decrease of 6.3% per minute. By interpolation the rate 0 cor- 
responds to F = 8.6 dynes/cm. 

Because of these changes with time it was not possible with this substance 
on pure water to obtain satisfactory (F, a) curves. However, with a substrate 
of 10-2M barium chloride or saturated sodium sulfate the solubility became 
negligible, and the specific area extrapolated to F = 0 was 1.2 m?/mg, which 
corresponds to a value of o,kT = 4.5. From these data, using in succession 
Eqs. (11), (12), and (9) it was found that 4 = 7400. The composition of the 
Aerosol is (CsH,,COO),C,H;SO;Na. Allowing 4, = —905 for each ester 
group Eq. (10) gives 2, = —4000 for the sulfonate group. This value differs 
from that for the —COOH group by —3000, indicating that the increase 
in solubility caused. by replacing —COOH by —SO,Na is the same as that 
given by shortening the hydrocarbon chain by 5 carbon atoms. 
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These experiments show that when the equilibrium value of w corresponding 
to a compressed film of Aerosol (MM = 444) exceeds the actual concentration 
of the substrate by Aw = 10-*, the rate of solution of the film is about 
0.8% per minute. This result justifies our choice of 10-5 to 10-7 as the range 
in w in which pressure solubility is easily measurable by our technique in- 
volving time changes in the area of compressed monolayers. 

We had hoped by detailed studies of the properties of Aerosol films to 
check the accuracy and applicability of Eqs. (9) to (12), and in this way 
if necessary to derive better equations. The experiments, however, showed 
that, contrary to reported properties of sulfonates and sulfates,?4 these mono- 
layers of Aerosol are sensitive to even the minute amounts of divalent cations 
which are present in good grades of distilled water (10-7). A trace of a barium 
or lead salt purposely added to the water greatly increased the limiting value 
of F given by a monolayer formed upon a solution of Aerosol containing 
5 mg per liter. 

The experimental difficulties introduced by this great sensitiveness are such 
that we consider this substance unsuitable for testing these equations. We 
are now conducting much more promising experiments using dipropyl and 
dibutyl sebacates, which are insensitive to impurities in the substrate and 
show easily measurable pressure solubilities. 

The method that we have described for estimating molecular weights from 
measurements of pressure solubility is applicable only to substances having 
molecular weights lying within a rather narrow range. Preliminary studies 
have shown, however, that this range can be greatly extended by altering 
the substrate upon which the film is spread. The addition of salts in fairly 
high concentrations produces a salting-out effect and causes a large increase 
in the values of 4 and so makes the method applicable to substances of much 
lower molecular weight. For example, we find that di-isobutyl sodium sul- 
fosuccinate (Aerosol IB) when spread on a saturated sodium sulfate solution 
gives films that have about the same pressure solubility as the films of the 
dioctyl compound spread on pure water. 

The addition of salt may also be useful in studying pressure displaceability. 
The dashed curve in Fig. 9 shows the effect of introducing, under a film of 
wheat gliadin, enough ammonium sulfate to give a 20% solution. At high 
values of F the film area was unchanged, but at F = 1 dyne/cm the area 
decreased 28%. 

By the addition of water-soluble substances such as carbitol or butylene 
glycol that increase the solubility of hydrophobic groups, it is possible to 
decrease 1, and so permit the measurement of pressure solubility with substances 
of still higher molecular weights. 

We wish to express our indebtedness to Mr. V. J. Schaefer for obtaining 
for us the data represented by Figs. 5, 6, 10, and 11. 
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Summary 


The colored expansion patterns produced by spreading a small amount 
of indicator oil within a protein monolayer on water sometimes show an edge 
effect or discoloration near the outer boundary. This may be caused by unspread 
protein molecules in the substrate, but by passing the monolayer repeatedly 
over submerged barriers this unspread protein may be removed. When such 
a scrubbed monolayer is subjected to a pressure of 10 to 30 dynes/cm for 
ten minutes or more, certain pressure-soluble components are forced into 
solution and may be detected and measured by the application of indicator 
oil to the water after scraping off the protein monolayer. This loss of material 
from the film is accompanied by, and is in quantitative agreement with, 
a decrease in the area of the monolayer, measured under a standard compres- 
sion of 1 dyne/cm, 

After the monolayer has been well-aged by an application of pressure, 
F = 25 to 30 dynes/cm, of sufficient duration to drive out all pressure-soluble 
components, the force-area curves, (F, a), form reproducible closed loops, 
provided the pressure is raised and lowered according to a standard (F, ¢) 
cycle. 

At F>15 dynes/cm sudden increases or decreases in F produce only 
slight changes in area, but these are followed by gradual changes of larger 
magnitude. These effects indicate that the apparent large compressibility of 
protein films results from a squeezing out of certain weakly hydrophobic 
amino acid residues from positions at the air-water interface into an under- 
film where they contribute little to the surface pressure, although they are 
still attached through the polypeptide chains to the more strongly hydrophobic 
residues that remain in the over-film. 

This theory of pressure displaceability has led to a correlation of the com- 
pressibility curves of proteins to their chemical composition. The amino acids 
with side chains having a hydrophobicity less than that of —C,H, determine 
the compressibility in the range from F=1 to F = 3, while those more 
hydrophobic determine the areas at F = 25. 

Films from denatured or partly digested proteins give large proportions 
of pressure-soluble components. This method of observing time changes in 
(F, a) curves provides a useful means of studying degradation products of 
proteins and obtaining information as to their molecular weights. 

A general but preliminary theory of pressure solubility is given which is 
tested by studies of monolayers of Aerosols (dioctyl sodium sulfo-succinates). 
It indicated that the pressure-soluble components that were detected among 
the degradation products of proteins have molecular weights ranging from 
1000 to 2000. 
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